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ABSTARCT 
The present thesis entitled " Study of alpha particle and heavy ion 
induced reactions in some nuclei" deals with the study of fusion reactions 
with alpha particles and heavy ions from coulomb barrier to ~ 10 
MeV/nucleons or more. The excitation function for the alpha induced 
reactions have been studied in the energy range 1 0 - 5 0 MeV using 
stacked foil activation technique and high resolution gamma ^fray 
spectroscopy to understand the structureless contribution of excitation 
functions in the high energy region, which corresponds to pre-equilibrium 
reaction mechanism. The excitation functions and mean projected forward 
recoil range distribution (FRRD) of the nuclei produced in the heavy ion 
collision have also been measured using conventional activation technique 
for the bombarding energies from coulomb barrier to 7 MeV /nucleon. This 
thesis has been ramified in to six chapters. 
In Chapter - I a general introduction regarding nuclear reactions 
including different nuclear reaction theories and models are presented. A 
brief review of the work reported in this thesis is also given in this chapter. 
In Chapter - II the various nuclear reaction theories and models related 
with the presented work are discussed. 
The work reported in thesis has been carried out using the two 
national accelerator facilities in INDIA viz., Variable Energy Cyclotron at 
VECC, Kolkata and 15 UD Pelletron at Nuclear Science Centre (NSC), 
New Delhi. The experimental details and formulations used in the present 
work along with the sources of errors to the reported values are presented 
in Chapter - III. The computer codes CASCADE and ALICE - 91 
employed In the present investigations are presented in Chapter - IV. 
The measurement of cross-sections for reactions induced by 
a - particles is described in section - 5.1 of Chapter - V. The experiments 
were performed at Variable Energy Cyclotron Centre, Kolkata (INDIA). 
Excitation functions for the reactions ^^Nb (a, n) ^^Tc, ^^Nb (a, 2n) ^^""Tc, 
^^Nb (a, 2n) ^'^Tc, ^^Nb (a, 3n) '^Tc, '^Nb (a, an) ^^Nb, 103Rh (a, 2n) 
^°^Ag, ^°^Rh (a, 3n) ^°^Ag, ''^Rh (a, 4n) ^"^Ag, ^^^Ho (a, 2n) ^^^Tm, ^^^Ho 
(a, 3n) ^^^Tm, and ^^^Ho (a, 4n) ^^^Tm, have been measured by the 
activation method using " Stacked foil " technique at projectile energy 
ranging from 10 MeV to 50 MeV. The stacks of ^^Nb, ^°^Rh and ^^^Ho were 
irradiated with 40 MeV, 50 MeV and 50 MeV energy of alpha particle beam 
respectively for suitable periods of irradiation time, keeping in the mind the 
melting point of the target element, half - lives of the yields and also the 
thickness of the samples. The residual activities induced in the target foils 
were followed using a high resolution (2 keV for 1332 keV y - ray of ^°Co) 
high purity Ge (HPGe) detector of 100 cm^ active volume coupled to the 
Ortec's PC based multichannel analyzer. The dead time for counting was 
kept less than 10% by adjusting the target detector separation in these 
measurements and proper account of the dead time was taken in the 
calculations. The a - particle flux was calculated using a Faraday cup and 
charge integrator. A copper foil was also used as a flux monitor for 
checking the flux by standard ®^Cu(a, 2n) ^^Ga monitor reaction and good 
agreement was found with less than 10 % discrepancy. 
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In order to study the complete and incomplete fusion in heavy ion 
induce reactions, the excitation functions for carbon-induced reactions on 
cobalt have been measured and are described in section - 5.2 of Chapter 
V. The excitation functions for ^^Co(C, p3n) ^^Ge, ^^Co(C, 2p2n) ^^Ga, 
^^Co(C, an) ^^Ga, '^Co(C, a2n) ^'Ga, ^^Co(C, ap3n) ^^Zn, and ^^Co(C, 
2a2n) ®^ Cu reactions have been measured for the projectile energy 
ranging from 60 MeV - 80 MeV. The experiments were performed using 
15 UD Pelletron facility of Nuclear Science Centre (NSC) New Delhi 
(INDIA), using activation technique. Individual target samples backed by 
aluminum catcher foils of thickness ~2mg/cm^ were irradiated with ^2Q5+/6+ 
beam at five different energies viz., 60, 65, 70, 75, and 80 MeV. The 
irradiations were preformed in the General-purpose scattering chamber 
(GPSC) having invacuum transfer facility. The section - 5.3 of Chapter - V 
comprises the measurement of forward recoil range distribution of the 
evaporation residues produced in ^^ C + ^ ^Co system. 
Chapter - VI deals with the results and discussion comprising the 
experimental results, theoretical predictions and discussion of the results. 
The excitation functions for a - particle induced reactions are compared 
with the earlier reported values whatsoever available, and also those 
evaluated theoretically on the basis of equilibrium (Weisskopf - Ewing 
model) and both equilibrium and pre-equilibrium reactions using the 
nuclear model code ALICE - 91 in the frame work of geometry dependent 
hybrid (GDH) model. It is very clear from present analysis that there is 
considerable amount of pre-equilibrium contribution in alpha induced 
reactions. Pure equilibrium reaction mechanism is unable to explain the 
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high-energy tail of the measured excitation functions and the concept of 
proper admixture of equilibrium and pre-equilibrium process is needed to 
reproduce the experimental excitation functions. The choice of initial 
exciton configuration no = 4 (2n + 2p + Oh) gives the satisfactory 
reproduction of our experimental data and supports the findings of many 
earlier investigations. 
The excitation functions for carbon-induced reactions on ^^ Co have 
been compared with the theoretical predictions calculated using computer 
codes ALICE - 91 and CASCADE. We have extracted some important 
information about complete and incomplete fusion process in heavy ion 
nuclear reactions by comparing the experimental and theoretical findings. 
The considerable enhancement of the experimentally measured excitation 
functions for some reactions clearly indicate that these reaction channels 
are populated not only by the complete fusion of ^^ C with ^^Co, but also 
through the incomplete fusion process. In order to have a further 
confirmation of complete fusion and incomplete fusion and to separate 
their relative contributions, the fonward recoil range distribution (FRRD) of 
evaporation residues produced in the reactions have been measured at 
two incident projectile energies viz., 75 MeV and 80 MeV. The two peaks 
observed in FRRD in some reaction channels for ^^ C + ^^ Co system 
confirms that the production of these channels is not only because of 
complete fusion but also through incomplete fusion process. 
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The present thesis entitled " Study of alpha particle and heavy ion 
induced reactions in some nuclei" deals with the study of fusion reactions 
with alpha particles and heavy ions from coulomb barrier to ~ 10 
MeV/nucleons or more. The excitation function for the alpha induced 
reactions have been studied in the energy range 1 0 - 5 0 MeV using 
stacked foil activation technique and high resolution gamma array 
spectroscopy to understand the structureless contribution of excitation 
functions in the high energy region, which corresponds to pre-equilibrium 
reaction mechanism. The excitation functions and mean projected forward 
recoil range distribution (FRRD) of the nuclei produced in the heavy ion 
collision have also been measured using conventional activation technique 
for the bombarding energies from coulomb barrier to 7 MeV /nucleon. This 
thesis has been ramified in to six chapters. 
In Chapter - I a general introduction regarding nuclear reactions 
including different nuclear reaction theories and models are presented. A 
brief review of the work reported in this thesis is also given in this chapter. 
In Chapter - II the various nuclear reaction theories and models related 
with the presented work are discussed. 
The work reported in thesis has been carried out using the two 
national accelerator facilities in INDIA viz., Variable Energy Cyclotron at 
VECC, Kolkata and 15 UD Pelletron at Nuclear Science Centre (NSC), 
New Delhi. The experimental details and formulations used in the present 
work along with the sources of errors to the reported values are presented 
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in Chapter - III. The computer codes CASCADE and ALICE - 91 
employed in the present investigations are presented in Chapter - IV. 
The measurement of cross-sections for reactions induced by 
a - particles is described in section - 5.1 of Chapter - V. The experiments 
were performed at Variable Energy Cyclotron Centre, Kolkata (INDIA). 
Excitation functions for the reactions ^^Nb (a, n) ^^Tc, ^^Nb (a, 2n) ^^""Tc, 
^^Nb (a, 2n) ^^^c, ^^Nb (a, 3n) ^^Tc, ^^Nb (a, an) ^^Nb, 103Rh (a, 2n) 
^°^Ag, °^3Rh (a, 3n) ^°^Ag, ^°^Rh (a, 4n) ^"^Ag, ^^^Ho (a, 2n) ^^^Tm, ^^ ^Ho 
(a, 3n) ^^^Tm, and ®^^ Ho (a, 4n) ^^^Tm, have been measured by the 
activation method using " Stacked foil " technique at projectile energy 
ranging from 10 MeV to 50 MeV. The stacks of ^^Nb, ^°^Rh and ^^^Ho were 
irradiated with 40 MeV, 50 MeV and 50 MeV energy of alpha particle beam 
respectively for suitable periods of irradiation time, keeping in the mind the 
melting point of the target element, half - lives of the yields and also the 
thickness of the samples. The residual activities induced in the target foils 
were followed using a high resolution (2 keV for 1332 keV y - ray of ^°Co) 
high purity Ge (HPGe) detector of 100 cm^ active volume coupled to the 
Ortec's PC based multichannel analyzer. The dead time for counting was 
kept less than 10% by adjusting the target detector separation in these 
measurements and proper account of the dead time was taken in the 
calculations. The a - particle flux was calculated using a Faraday cup and 
charge integrator. A copper foil was also used as a flux monitor for 
checking the flux by standard ^^Cu(a, 2n) ®^ Ga monitor reaction and good 
agreement was found with less than 10 % discrepancy. 
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In order to study the complete and incomplete fusion in heavy ion 
induce reactions, the excitation functions for carbon-induced reactions on 
cobalt have been measured and are described in section - 5.2 of Chapter 
V. The excitation functions for ^^Co(C, p3n) ^^Ge, ^^Co(C, 2p2n) ^^Ga, 
''Co(C, an) ^'Ga, '^Co(C, a2n) ^^Ga, 5^Co(C, ap3n) "'Zn, and ''Co(C, 
2a2n) ^^Cu reactions have been measured for the projectile energy 
ranging from 60 MeV - 80 MeV. The experiments were performed using 
15 UD Pelletron facility of Nuclear Science Centre (NSC) New Delhi 
(INDIA), using activation technique. Individual target samples backed by 
aluminum catcher foils of thickness ~2mg/cm^ were irradiated with I2Q5+/6+ 
beam at five different energies viz., 60, 65, 70, 75, and 80 MeV. The 
irradiations were preformed in the General-purpose scattering chamber 
(GPSC) having invacuum transfer facility. The section - 5.3 of Chapter - V 
comprises the measurement of fonward recoil range distribution of the 
evaporation residues produced in ^^ C + ^^Co system. 
Chapter - VI deals with the results and discussion comprising the 
experimental results, theoretical predictions and discussion of the results. 
The excitation functions for a - particle induced reactions are compared 
with the earlier reported values whatsoever available, and also those 
evaluated theoretically on the basis of equilibrium (Weisskopf - Ewing 
model) and both equilibrium and pre-equilibrium reactions using the 
nuclear model code ALICE - 91 in the frame work of geometry dependent 
hybrid (GDH) model. It is very clear from present analysis that there is 
considerable amount of pre-equilibrium contribution in alpha induced 
reactions. Pure equilibrium reaction mechanism is unable to explain the 
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high-energy tail of the measured excitation functions and the concept of 
proper admixture of equilibrium and pre-equilibrium process is needed to 
reproduce the experimental excitation functions. The choice of initial 
exciton configuration no = 4 (2n + 2p + Oh) gives the satisfactory 
reproduction of our experimental data and supports the findings of many 
earlier investigations. 
The excitation functions for carbon-induced reactions on ^^Co have 
been compared with the theoretical predictions calculated using computer 
codes ALICE - 91 and CASCADE. We have extracted some important 
information about complete and incomplete fusion process in heavy ion 
nuclear reactions by comparing the experimental and theoretical findings. 
The considerable enhancement of the experimentally measured excitation 
functions for some reactions clearly indicate that these reaction channels 
are populated not only by the complete fusion of ^^ C with ^^Co, but also 
through the incomplete fusion process. In order to have a further 
confirmation of complete fusion and incomplete fusion and to separate 
their relative contributions, the forward recoil range distribution (FRRD) of 
evaporation residues produced in the reactions have been measured at 
two incident projectile energies viz., 75 MeV and 80 MeV. The two peaks 
observed in FRRD in some reaction channels for ^^ C + ^^Co system 
confirms that the production of these channels is not only because of 
complete fusion but also through incomplete fusion process. 
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I. Introduction 
The study of nuclear reactions is not only an Important subject in its 
own right, but it is significant also for its impact on related fields of 
investigations and for its rich variety of applications. In this context the 
measurement and the calculation of the cross - sections of nuclear 
reactions to as accurate a degree as possible and the understanding of 
reaction mechanism is of immense importance. 
A nuclear reaction is a process in which a change is brought about 
in either composition or energy or both, of target nucleus by bombarding 
with a nuclear particle or gamma ray. The study of nuclear reactions 
provides knowledge about the nature of nuclear forces and nuclear 
structure such as shell effect, nuclear density, and nuclear reaction 
mechanism. The study is also useful in the construction of nuclear level 
schemes. The only way to delve the secretes of nucleus is, to send in a 
probe particle and to study the outcome. In practice, the target is 
bombarded with the beam of particles. With the advent of high energy 
accelerating machines such as Pelletron, Cyclotron etc, the projectile 
beams of nuclei ranging from proton to ^^ ^U have been obtained to 
energies varying from few MeV/nucleon to many GeV/nucleons. The 
projectile beams so obtained may be used for the bombardment with a 
variety of targets and this facility enables us to study experimentally 
various types of nuclear reactions in all elements of the periodical table. 
- 1 -
Progress in accelerator technology has helped fundamental 
research trennendously apart from giving spin - off benefits in applied 
fields. Modern accelerators play an effective complementary role to 
nuclear reactions, for they produce radioactive isotopes, which have 
various applications. While nuclear reactors can produce neutron rich 
isotopes mostly around the line of p - stability. Nuclear reactions induced 
by ions enable the production of vary useful radioactive isotopes on both 
sides from the line of p - stability. With ever increasing use of these 
radioactive isotopes in various applied fields, there is a growing demand to 
provide knowledge of "Excitation functions" of nuclear reactions, in order, 
that the production of selected isotopes could be maximized. From the 
physics point of view, the shape of the excitation functions reveals the 
reaction mechanism. Depending upon the time at which they occur, the 
nuclear reactions are classified under two categories namely compound 
nucleus reactions and direct reactions. In compound nucleus reactions the 
incident projectile fuses with the target forming a composite system, which 
is assumed to be fully equilibrated. The compound nucleus hypothesis 
was originally proposed by Bohr (1) to explain the narrow resonance in 
thermal neutron induced reactions. In this the energy and angular 
momentum of the incident particle is distributed among the nuclear 
constituents before any particle is emitted from the nucleus, the excitation 
energy of the compound nucleus is distributed over numerous degrees of 
freedom of CN similar to the thermal distribution of energy in liquid drop. 
As it is highly improbable for the whole of the excitation energy to be 
- 2 -
concentrated in some individual particles so that it may be emitted, the life 
time of the compound nucleus is usually very large ~ 10"^ ^ sec. The direct 
reactions are supposed to be initiated and completed at the very first 
projectile - target collision, and hence are thought to occur with in the time 
~ 10"^ ^ sec, taken by the projectile to cross the nuclear diameter. In 
between the direct reactions and compound nucleus reactions 
intermediate process are likely to occur. A series of complicated collisions 
inside the nucleus follows the initial interaction and there is certain 
probability for particle emission after each one of these collisions. The 
process may be attributed to "pre-compound" or pre - equilibrium process 
(2 - 4 ). As the exact law governing the nucleon - nucleon interaction is 
unknown, so it is possible to give a general mathematical description of 
nuclear reaction which is many body nucleon - nucleon interaction. As an 
alternative, the semi-classical model approach is used to explain the facts. 
In semi-classical approach the radial motion is treated classically while 
angular motion in the central field, quantum mechanically. 
Starting from the pioneer work of Griffin (5), a variety of different 
pre - equilibrium models have been developed (6), namely Intra - nuclear 
cascade (INC) model. Harp - Miller- Berne (HMB) model, exciton model, 
and hybrid/geometry dependent hybrid (GDH) models. The INC and HMB 
models are most widely used but more particularly the exciton model and 
GDH models. 
In intra - nuclear cascade model (7,8) the trajectories of particles 
inside the nucleus are followed in co - ordinate space by means of Monte 
Carlo method (6). The numerical simulation of the scattering process is 
based on the experimental free N - N scattering cross - sections, and the 
angular distributions. Upto 1975, this was the only pre - equilibrium model 
capable to predict the angular distributions of the emitted particles. This 
model provides a classical approach to pre - equilibrium decay process. 
In contrast to the intra - nuclear cascade model the HMB model (9) 
permits a quantum mechanical treatment, though in practice, the transition 
rates are computed in the classical manner. It cannot predict the angular 
distributions of the emitted particles. In this model the total excitation 
energy of the nucleons is divided into bins. The average number of 
occupied single particle levels in each bin is computed in the framework of 
the Fermi gas model. The occupation of nucleons in each bin changes in 
time due to the intranuclear collisions. The evolution of this excited nuclear 
Fermi gas is followed through numerical calculation of the relative 
occupation of each bin as function of time, by solving a set of coupled 
differential equations. The two body transition rates are calculated using 
nucleon - nucleon scattering cross-sections and transition rates into the 
continuum are calculated by using inverse cross - sections and free 
particle phase space factors. The major disadvantage of HMB model is its 
computational complexity. In order to deal with such situations additional 
assumptions have been introduced in exciton model and hybrid models, 
which are the most popular pre - equilibrium models for applications in the 
nuclear data evaluation (6) 
The exciton model assume all possible ways of sharing the 
excitation energy between different particle hole configurations, with the 
same exciton number 'n' have equal a priori probability. In this instead of 
tracing the evolution of the occupation of each energy bin, as in case of 
HMB model, one merely traces the temporal development of exciton 
number 'n' which as a result of intranuclear collisions changes in time. This 
assumption makes the pre - equilibrium theory amenable to practical 
calculations. The hybrid model is the combination of Griffin model (5) and 
simplifying aspects of HMB model. In this, the intranuclear transition rates 
are calculated from the free nucleon - nucleon scattering cross - sections. 
Further, the geometry effects are also introduced in it and are named as 
geometry dependent hybrid (GDH) model. In GDH model the variation of 
nuclear level density at nuclear surface (2) is taken into account. The 
detailed description of these models is presented in section - 2.1 of 
chapter ii. 
The study of fusion of heavy ions has been the interest of many 
nuclear physicists over the past few years. With the availability of heavy 
ion beam of suitable energy range, the interest has renewed in the recent 
past. The high angular momentum involved in heavy ion reactions lead the 
population of high spin states. The heavy ion fusion reactions are very 
important to study the nuclei at high excitation and high spin states. Heavy 
ion reactions can also be used to produce super heavy nuclei and halo 
nuclei very far from the proton/neutron drip lines. The overall features of 
heavy ion interactions can be described by Fig. (1.1). At energies below 
the Coulomb barrier, the ions do not touch and can interact only through 
the Coulomb field, and this results in Rutherford scattering and possibly 
coulomb excitation. At higher energies, the ions interact through the 
nuclear potential and it then becomes more convenient to talk about the 
interaction in terms of the impact parameter RL The regions of impact 
parameter and corresponding orbital angular momentum associated with 
different types of heavy ion interaction at high energies are given below 
Impact Orbital angular Types of interaction 
Parameter momentum 
RL > RN L > LN Rutherford scattering; 
Coulomb excitation 
Elastic and Inelastic 
RN > RL > RDIC LN > L > LDIC scattering. Few - nucleon 
transfer reactions 
RDIC > RL > RF LDIC > L > LF Deep inelastic scattering 
RL < RF L < LF Fusion 
The total cross - sections for these process may be estimated with limits 
of orbital angular momentum (10). A schematic division of the partial cross 
-sections with angular momentum is shown in Fig. (1.2) 
At lower incident energies when two heavy ions collide, the 
projectile may completely fuse with the target, thereby transferring the 
entire angular momentum to the composite system. The orderly 
translational motion of the nucleons of the projectile and target transforms 
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Grazing collision 
Close collisions 
Distant collision 
Elastic scattering 
direct reactions 
Compound - nucleus 
formation 
Deeply inelastic collision 
and incomplete fussion 
Elastic (Rutherford) scattering 
Coulomb excitation 
Fig 1.1 Classical picture of heavy-ion interactions, stiowing the trajectories 
corresponding to distant, grazing and close collisions 
f^EL+ ^CE 
Fig 1.2 Decomposition of the total reaction cross-section into the cross-sections 
for compound nucleus formation (GCJ, for deep inelastic scattering (Odc) 
as a function of the ori)ital angular momentum. 
gradually Into chaotic thermal motion mainly through a sequence of two 
body interactions. This thermalization process ends when composite 
system reaches a state of thermal equilibrium. Once the thermal 
equilibrium state is reached, the accumulation of sufficient energy on a 
single nucleon or cluster of nucleons may only occur by a random and 
improbable sequence of events which requires much longer emission 
times favoring the emission of low energy particles (11). 
At high incident energies, this picture starts to become invalid, with 
reactions involving pre - equilibrium particle emission and projectile 
fragmentation or break - up becoming important. These process lead to 
incomplete momentum transfer or incomplete fusion, where only a part of 
the projectile fuses with the target nucleus and other part moves in the 
beam direction with almost the same velocity as that of the incident ion 
beam. 
Several models have been proposed to explain the mechanism of 
incomplete fusion reactions namely Sum rule model, Break - up fusion 
model. Promptly emitted particle model. The Sum rule model (12) 
assumes that the various ICF channels are localized in the angular 
momentum space above the critical angular momentum for the complete 
fusion of projectile and target. The model gives cross - sections for 
products arising not only from ICF and quasi-elastic transfer reactions but 
also from complete fusion. The break - up fusion model (13) explained the 
incomplete fusion in terms of break - up of the projectile in the nuclear 
force field of target nucleus followed by fusion of one of the fragments with 
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the target nucleus. This model uses the distorted wave Born 
approximation (DWBA) formalism to calculate the shapes of the energy 
spectra and angular distributions of the projectile like fragments. However, 
it is unable to give the absolute cross-sections, due to lake of information 
about the spectroscopic form factors of the continuum states of the 
product nuclei. According to Promptly emitted particle model (14) the 
particles transferred from the projectile to target and thereby acquire extra 
velocity to escape. The details of these models are given in section - 2.2 
of chapter II. 
As part of our ongoing program (15 - 20) to study the nuclear 
reaction mechanism at intermediate energies the excitation functions 
(cross-sections, [CT]) for lightest heavy ion i.e., alpha particle and carbon-
induced reactions have been reported in this thesis. The excitation 
functions for a-particle induced reactions were studies for ®^Nb, ^°^Rh and 
®^^ Ho nuclei at projectile energies from 10 MeV to 50 MeV. The 
experiments were performed at Variable Energy Cyclotron Centre Kolkata 
(INDIA). The stacked foil activation technique was used for these 
measurements. The gamma activities induced in the target samples after 
irradiation were recorded using 100 cc HPGe detector and associated 
electronics coupled to 4K MCA. The gamma ray spectroscopy software 
"RADWERE" (21) was extensibly used for analyzing the spectrums. The 
detailed description of experimental set-up and formulation is given in 
chapter III. The excitation functions were than calculated using the home 
made software "NPSIGMA". The excitation functions have also been 
- 9 -
evaluated theoretically using the computer code ALICE - 91(22), which is 
based on compound and pre - equilibrium models. In this the calculations 
based on compound nucleus are due to Weisskopf - Ewing model (23), 
while pre - equilibrium calculations are based on hybrid / geometry 
dependent hybrid models. The experimental results have been compared 
with the theoretical predictions and earlier reported values. From the 
comparison of the experimental results with theory, we can extract some 
information about the nuclear reaction mechanism in the pertinent energy 
range. 
The excitation functions and fonward recoil range distribution of 
evaporation residues for ^^ C + ^^ Co system have been measured for the 
projectile energy range 60 MeV to 80 MeV. The experiments were 
performed using 15 UD Pelletron at Nuclear Science Centre, New Delhi 
(INDIA). The activation technique was used. The targets were irradiated in 
General Purpose Scattering Chamber (GPSC) having invacuum transfer 
facility. The motivation of these experiments was to study the complete 
and incomplete fusion reaction in heavy ions. The gamma spectrums were 
recorded and analyzed with the help of NSC developed software 
"Freedom". The measured excitation functions have been analyzed with 
the values obtained using computer codes ALICE - 91 (22) and 
CASCADE (24). The detail of these codes is presented in chapter IV. The 
considerable enhancement of the excitation functions for few channels 
clearly indicates the presence of ICF process. Since careful study of recoil 
range measurement of evaporation residues is quite helpful in separating 
-10-
the individual contribution of incomplete fusion and complete fusion. We 
have measured the recoil range distribution of various residual products at 
two different energies to see whether there is any change in the linear 
momentum transfer in complete and incomplete fusion products and thus 
in relative contribution of ICF and CF process with energy. The results are 
presented in chapter - V and are discussed in chapter - VI. 
11 
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II. Nuclear Reaction Theories 
2.1 Pre-equilibrium Decay in Nuclear Reactions 
The reaction mechanism is considered to proceed through 
equilibrium (EQ) as well as pre-equilibrium (PE) emission of particles at 
moderate excitation energies (2). In recent years, there has been an 
increasing interest in looking into the nuclear interaction mechanism, via 
pre-equilibrium emission of particles followed by equilibrium decay in order 
to explain a wide range of charge particle spectra and excitation functions. 
The high-energy tail observed in excitation functions of light particles 
contains important information about the reaction mechanisms. Several 
semi-classical models (2, 5, 8, 25 - 28) have been proposed that take care 
of the above considerations. Among these models, the hybrid and 
geometry dependent hybrid (GDH) models (27, 28) have been reasonably 
successful in reproducing a broad range of experimental data. Recently, 
some complex quantum-mechanical formalism such as multi-step direct 
and multi-step compound models have been proposed (4, 29 - 31). These 
quantum-mechanical models provide in principle, a way of calculating the 
cross-sections of PE processes with out the uncertainties of the semi-
classical approximations. At present, these models are applicable only for 
the nucleon induced reactions (6) because, for a complex particle like the 
a-particle the quantum-mechanical treatment of the initial projectile-target 
interaction becomes very complex. We used the computer code ALICE-91 
-12-
(22) to compute the excitation functions of a-particle induced reactions for 
comparison with our experimental values. The Code ALICE-91 employs 
the Hybrid model (27) as well as Geometry Dependent Hybrid (GDH) 
model (28) for PE emission. Since these models belong to the semi-
classical theories, the emphasis is given to semi-classical theories in the 
following discussion. 
2.1.1 Intra-nuclear Cascade Model 
Serber (32) proposed the Intra-nuclear Cascade (INC) Model for the 
first time, which was later modified by several other workers (7, 33 - 38) 
for explaining various experimental nuclear reaction data. The first 
calculations of pre-equilibrium angular distributions were performed with 
this model using the quasi-free scattering inside the nucleus. The Intra-
nuclear cascade model is shown schematically in Fig. [2.1]. The projectile 
enters the target nucleus with a given impact parameter "b". After traveling 
a certain distance inside the nucleus it interacts with a target nucleon and 
excites it above the Fermi sea. Each scattered particles then travel 
through the nucleus interacting with the other nucleons. The INC model 
traces the individual nucleon trajectories in three-dimensional geometry. 
The trajectory of an excited particle is followed until some arbitrary energy 
generally considerably above the average equilibrium value has been 
attained by the nucleon. Particles reaching the nuclear surface with 
sufficient energy to be emitted are assumed to be emitted. When 
all particles of a given cascade have been traced, the total energy of the 
-13-
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residual nucleus, its identity, and the energies and angles of the emitted 
particles are shared, and a new cascade with new impact parameter is 
calculated With the help of such an approach, the time evolution of the 
reaction can be generated but after few collisions the actual calculation 
becomes too much complicated The INC model is a realistic model but in 
general, the model predictions are not satisfactory at backward angles and 
in some forward angles also 
2.1.2 Harp - Miller - Berne Model 
The Harp-Miller-Berne (HMB) model (8) is shown schematically in 
Fig [2 2] The nuclear single particle states are classified according to their 
energies in groups or "bins" whose size Ae is chosen to be of some 
convenient dimension In the calculations the fractional occupation of each 
bin IS taken as a function of time This model calculates the occupation 
probability of an average state in the i'^  bin as a function of time using 
Fermi gas distnbution At the initiation of the reaction, at the time TQ all the 
levels below Fermi energy are filled up (as the target is in ground state), 
and the projectile is in an excited state This gives the fractional 
occupation probability at time x = TO Two-body interaction then lead to a 
redistnbution of probabilities 
After calculating the relative probabilities of scattenng into and out 
of each bin and the emission from bins above the particle binding 
energies, populations of all bins are changed accordingly as shown in the 
-15-
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center of Fig. [2.2]. The calculation is repeated until a steady state 
configuration is reached. At each time during the equilibriunn process the 
energy spectrum of emitted nucleons are calculated and a net spectrum 
obtained. 
Later Harp and Miller (25) suggested minor modification in HMB 
model. They considered the nucleus to be composed of independent 
proton and neutron Fermi gases. Therefore, the proton and neutron 
occupation numbers for the single particle states of these gases 
completely specifies the internal configuration of the nucleus at any time. 
Further it is also assumed that the mechanism for the equilibrium of the 
gases takes place through binary nucleon-nucleon collisions. 
Correspondingly a new set of master equations is obtained, the solution of 
which gives the proton and neutron occupation numbers. 
2.1.3 Exciton Model 
The Exciton model was proposed by Griffin (2) and later modified 
by many workers (26, 39 - 45) for explaining various experimental nuclear 
reaction data. In this model the equilibration between target and projectile 
is achieved by the succession of two body interactions. An excited nucleus 
is considered as a gas of quasi-particles i.e., particle-hole degree freedom 
is included, taking into account residual hh, ph and pp interactions. The 
simple Exciton model is illustrated in Fig. [2.3]. In this the nuclear potential 
is shown with equally spaced single particle levels, i.e., levels whose 
occupancy is either 0 or 1. Initially the target nucleus is in ground state. All 
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the levels below the Fermi energy ef are filled and all the levels above are 
vacant. A nucleon is shown entering the nuclear potential on the left in Fig. 
[2.3]. The projectile nucleon enters the target nucleons with a given energy 
and form a 1 particle - 0 hole (1p-0h) state, i.e., a state with exciton 
number n = 1. At this stage, the projectile has entered the nuclear force 
field but has not been absorbed by the target. It is still in the entrance 
channel and can leave the nuclear force field with out interacting with any 
individual target nucleon. Since all the levels below the Fermi energy are 
filled, the first interaction between the projectile and target nucleon will 
raise the later above the Fermi energy and leave a hole below. Thus a 2p-
1h state is formed. In other words, the absorption of the projectile nucleon 
by the target leads to the formation of n = 3 exciton state. 
After formation of the n = 3 state either of the excited particles may 
be emitted if it has sufficient energy to escape. If however, particle 
emission does not take place, then there will be a further two body 
interaction either between one of the two excited particles and a particle 
below the Fermi surface or between the two excited particles themselves. 
The first results in the formation of n = 5 exciton state or 3p-2h state while 
the second would lead to a new 2p-1h state having different energy 
configuration of the particles and holes, or back to the original n = 1 
exciton state. Hence a two body interaction will lead to transitions in which 
the change in the exciton number An = ±2, 0. 
Intermediate state densities play an important role in exciton model. 
Single particle densities are often used to calculate the exciton level 
-19-
densities, assuming the nucleus to be degenerate Fermi gas witln 
equidistance levels (34). The transition rates are proportional to the level 
density of the final accessible states (Fermi's golden rule). A simple 
expression for the partial level density, i.e., the level density of the exciton 
state 'n' is given by Ericson (46). According to him, at a given exciton 
number 'n' a nucleus with excitation energy Ec has a level density 
n (E ) ^ ^ (2.1) 
^"^ '^ p\h\{n-\)\ ^ ' 
where g is the single particle level density, p and h are the numbers of 
excited particles and holes respectively. 
Taking Pauli's principle into consideration Williams (47) gave another 
expression for the particle-hole density in the uniform spacing model as 
g[gE,-Aip,h)V-^ 
^" ^^^ ^ " ^ ! ; , ! (« - i ) !— ^^ -^ ^ 
\ •, •, 1 
where A(p,h) = -{p +h' + p~h)--h 
and n = p + h 
The probability of decay from an n exciton state p„{E^)\s defined 
as the ratio of the emission rate from n to the rates of all transitions 
(including emission) from n. If ^"(f) be the emission rate with energy s 
from the n exciton state and A", r and/^ are the rates of An = 2, -2, and 
0 transitions respectively, then 
PAS) = ^^^^^7 (2.3) 
20 
The exciton model assumes that energy partition of energy occurs with 
equal a priori probability. Hence the emission rates are summed over all s 
in the denominator to obtain p„{e). The emission rate as obtained from 
the principle of detailed balance is given by 
Kie)-^^^ 
n^r PniE) 
msG,^^ ( f ) (2.4) 
where s and m are the intrinsic spin and reduced mass of the ejectife, n' is 
the exciton number after emission of ejectile with unucleons ; n' = n-u. U 
is the residual excitation energy given by U^E^-B-sm\h 5the ejectile 
separation energy, cr,„^  is the inverse cross-section. 
In order to evaluate /?„(£•), either the individual transition rates A" ^ 
or the total two-body interaction rates X" = r^ + X"_ + XI must be known. 
Using Fermi's golden rule the transition rates are defined as 
K-^W.tP..2 (2.5) 
n 
r=^\M_fp„_,, (2.6) 
K = ^ \Mofp„ (2.7) 
n 
where \M^\, |M_|and \M^\ are the matrix elements of the respective 
transitions. /?„+,, /3„_2 and p^ are the density of states available in the n+2, 
n-2 and n exciton states after A/7 = 2, -2 and 0 transitions. A common 
practice is to assume /W+ = M. = Mo = (M). Using this assumption and the 
21-
consequent restrictions imposed on the density of final states, the 
transition rates were given by Williams (47) as 
X"^ = ^\M ? g '^- (2.8) 
' h ' ' 2{p + h-\) 
XI = ^ I M r S-P-^^P^^-^^ (2.9) 
n 
3ip + h)-2 
-(2.10) 
Compound nuclear equilibrium is attained when the rate of creation of 
particle-hole pairs approximately equals the annihilation rates of such 
pairs, so that the exciton number n remains unchanged. With two body 
interaction it may be seen from these results that ^„+2'^'^K-2^^ n « n. 
Assuming that A„+2= V2 at equilibrium i.e., {n= n) it follows 
«= .JlgE (2.11) 
At low excitation energies, it is reasonable to assume energy independent 
matrix element (26), while at higher excitation energies, energy dependent 
matrix elements are used. The matrix element M is evaluated empirically 
by making global fits of calculations with experiments. The most common 
form of |Af|^for nucleon-nucleon scattering, giving by Kalbach (41, 48) is 
lA/p = — ^ M e F ' (2.12) 
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where A and Ec are the mass number of the composite nucleus and 
excitation energy, K is an adjustable parameter ranging from 95 - 7000 
MeV^ 
It can be seen from eq. (2.2) that h/F is independent of the exciton 
number. A later expression given by Kalbach (42) includes a dependence 
on n. The empirical relations for the residual two body matrix element 
proposed by Kalbach (42) are as follows 
I ,2 K ( e y^ 
\M\ = 
J 
1/ . s 1/ 
eA'KlMeV 
f e ^^' 
IMeV 
•,for<2MeV (2.13) 
\M = 
( e ^y^ 
e.A' IMeV 
•,for IMeV < e < IMeV (2.14) 
\M P = - ^ ; for IMeV < e < 15 MeV (2.15) 
2 K f'^'>MoV\y2 
M\ = 
e.A' 
\5MeV 
\ e ) 
; for e>\5MeV (2.16) 
where e = ^ ^/ and K = 135 MeV^ 
/n 
Equation (2.8 - 2.10) are most widely used expressions for calculating the 
individual transition rates. 
2.1.4 The Hybrid Model 
The hybrid model was proposed by Blann (49) in which some 
features of the HMB model (8), particularly the partitioning of the excitation 
energy among the excited particles is incorporated. In this model, multi 
pre-equilibrium particle emission along with equilibrium decay is 
-23-
considered whereas the spectra of emitted particles are calculated for 
each step in the energy dissipation process induced by the interaction 
between projectile and target nucleons. Through the hybrid model deals 
with the pre-compound emission of nucleons only, pre-compound 
emission of clusters are outside the purview of this model. 
The pre-equilibrium emission cross-section of the type 'v' (proton or 
neutron) in the hybrid model is given by (43) 
^p.e (^ ) = .^*. S^«^:(^) -(2.17) 
An = 2 
where P^{£) is the emission probability of v with energy e from the n 
exciton states. The pre-equilibrium decay probabilities in this model is 
given by (2, 50, 51) 
PAe)de = X 
An=+2 
„X,N„{e,U) 
gde X Kie) {X^s) + XSe)) D. 
-(2.18) 
where PJ^e) de is the number of the type v emitted into the unbound 
continuum with channel energy between ^and e+de (MeV). The quantity in 
the first set of square brackets represents the number of particles to be 
found (per MeV) at a given energy e (with respect to continuum) for all 
scattering process leading to an "n" exciton configuration. The second set 
of square brackets represents the fraction of the v type particles at energy 
£, which should under go emission into the continuum, rather than making 
-24-
an intra nuclear transition. The Dn represents the average fraction of the 
initial population surviving to the exciton number being treated. 
Evaluating the probabilities of energy partitioning in the n-exciton 
state is not the only feature borrowed by the hybrid model from the HMB 
model. In the HMB model the two-body interaction rate A^ie) is obtained 
from free nucleon-nucleon scattering cross-sections to avoid the 
uncertainties associated with the values of \Mf. The hybrid model also 
calculates A^(£:)from N-N scattering cross-sections. But instead of 
experimental cross-sections it uses either Kikuchi-Kawai calculations (52) 
or the empirical expression for the two-body interaction rate giving by 
Blann (27, 28) by simplifying the detailed Kikuchi-Kawai (52) calculations. 
The empirical expression is as follows 
Al = [1.4 X 12"(£ + B) + 6.0 X 10"(f + By]K-' (2.19) 
where s is the particle energy outside the nucleus i.e., ejectile energy and 
B its separation energy. K is an adjustable constant. When K = 1 the 
equation (2.19) reproduces the Kikuchi-Kawai interaction rates. 
2.1.5 Geometry Dependent Hybrid Model 
The geometry dependent hybrid (GDH) model (28, 51) is a variant of 
the hybrid model (27) in which the nuclear geometry effects are 
considered. In hybrid model calculations the nuclear matter density is 
taken as uniform throughout the nucleus while GDH model takes into 
account the reduced matter density and hence also the shallow potential 
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at the nuclear surface. In this way the diffused surface properties sampled 
by higher impact parameters were incorporated into the pre-compound 
decay formalism in the geometry dependent hybrid model. Therefore the 
differential pre-equilibrium cross-section for particle emission in the GDH 
model is given by 
^^^i£l =;r%'f {21 +\)T,P^ (/.£) (2.20) 
where P^,il,s) is same as P^{s)de but evaluated for the /-th partial wave. 7/ 
is the transmission coefficient for /-th partial wave, and % is the reduced 
De-Broglie wavelength. When the system is equilibrated, its de-excitation 
is followed by the Weisskopf - Ewing (23) evaporation model, while level 
density p{U) is calculated using Fermi gas level density formula 
The nuclear level density distribution in geometry dependent hybrid 
model is given by employing a Fermi density distribution function (51) as 
d{R,) = d, exp(i?,-C)/ /0 .55> +1 
n-i 
-(2.21) 
where ds = saturation density of the nuclear matter and C is the charge 
radius given by (51, 54) 
C = 1.07A'^ fm (2.22) 
taken from electron scattering results (53). This value of charge radius C 
has been replaced in the present parameterization by a value 
characteristic of matter (rather than charge) radius based on the droplet 
model work of Myers (55) plus an ad-hoc projectile range parameter %, 
26 
C = 1.18^/3 1 - + A 
I.I8.4/3 
-(2.23) 
-(2.24) 
The radius for the /-th partial wave was defined by 
R, = X(/ + l /2) 
In the hybrid model the average nuclear density is calculated by 
integration and averaging of equation (2.21) between R = 0 and 
R = C + 2.75 fm. The Fermi energy (sf) is assumed to vary as the average 
density to the third power. The value of Sf so evaluated is used in defining 
the single particle level density "g" for all calculations, hybrid and GDH, as 
this should be a property of the average potential (56). The single level 
densities have been defined by (51) 
Sn 
S, 
N_ 
20 
20 
s^+B„+e 
£f+Bp+E 
- , 1 / 
-(2.25) 
-(2.26) 
2.2 Complete and Incomplete Fusion Reactions 
Heavy ion induced reactions with projectile energies closed 
to coulomb barrier are dominated by compound nucleus and direct 
reactions. As the projectile energy is increased compound nucleus 
formation is hindered and incomplete fusion (ICF) starts competing with 
the complete fusion (CF). In ICF reactions only a part of the projectile 
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fuses with the target. A common feature of these reactions is the 
observation of light ejectiles at fonward angles with approximately beam 
velocity. Such reactions are difficult to explain in terms of deep inelastic 
collisions as the mass flow is always from projectile to target. Several 
models are used to explain the ICF reactions. Some of them are discussed 
in the following section. 
2.2.1 The Sum Rule Model 
Wilczynski et al (12, 57) proposed the Sum Rule Model, which 
combines both the idea of partial statistical equilibrium and the generalized 
concept of critical angular momentum. This model is based on a picture in 
which for each possible fusion mode, fusion becomes unfavorable when 
the angular momentum of the fusing particle becomes so large that the net 
potential at the point of contact with the target is no longer attractive. In 
incomplete fusion for a given bombarding energy the angular momentum 
of the incident particle is shared between the two fragments roughly in 
proportion to their mass, as the incident angular momentum is increased, 
fusion of heavier fragments will become impossible and fusion of lighter 
fragments will take over. 
Let us assume a wide class of nucleus-nucleus collision ranging 
from central collisions up to so-called " hard-grazing" collisions in which 
the nuclei penetrate each other to such an extent that the nuclear density 
in the overlap region saturates. It is reasonable to anticipate that for a so-
defined range of impact parameters a strongly interacting dinuclear system 
-28-
is formed. The system may fuse completely or exchange a number of 
nucleons and then separate into two fragments. Following such arguments 
Wilczynski et al postulate that the reaction probabilities for all reactions / 
proceeding via the partially equilibrated system are proportional to the 
exponential factor, as proposed by Bondrof et al (58). 
-(2.27) ^(,)4b.(o-a(oj/ 
where T is an effective temperature, Qgg is ground state Q-value, and Qc 
is the change of coulomb interaction energy due to transfer of charge, Qc 
can be parameterized as 
Q,=q,iZ!+Z{-Zl"-Z-")e' (2.28) 
where Z'", Z'^", and Z{, Z/ are the atomic numbers of the constituents of 
the dinuclear system before and after the transfer of charge, respectively, 
and Qc is a parameter. For each reaction channel / the limiting angular 
momentum is given by (57, 59) 
mass of projectile 
kJi) = 
mass of captured fragment 
where Icr is calculated from the balance of forces (60) 
X /^ ^ (target + captured fragment) 
Mic,+c,y 
h' 
c c 
Any ' ^ 
Z.Z^e^ 
c,+c, {c,+c,y -(2.29) 
here Ci and C2 are the half-density radii, and can be calculated according 
to the prescription of Myres (61) 
C = R\\-
^b'^ 
v ^ y 
+ -(2.30) 
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where b = 1 fm, and R is the equivalent sharp radius talcen in the 
commonly used (62) parameterization 
(2.31) R - 1.28 /^3 - 0.76 + 0.8/i"/3 fin 
y is the surface tension coefficient given by 
r = 0.95(\-\.7% P)MeV-fin-^ (2.32) 
with the isospin correction defined for the combined system of the two 
nuclei, I = (N-Z)/A. 
To make this model more realistic, a smooth cutoff in the distribution of the 
" transmission co-efficient" T was assumed as 
T,(i) = 1 + exp 'l-kJ^^ -(2.33) 
combining equation (2.27) and (2.33) one can write the following sum rule 
as 
^/Z/^/Wexp (QJi)-QM = \ -(2.34) 
provided all the reaction channels (including complete fusion) are taken 
explicitly into account. With the normalization factor A// calculated from 
equation (2.34) one obtain absolute cross-sections for each reaction 
channel as 
'max , . 
o-(/) = ;rX^Y,[2l + \)N,Ti{i)exp Q,AO - Qcii) -(2.35) 
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where X^  = ^ % F'S the reduced wave length for the entrance channel 
and /max is the angular momentum that confines the range of partial waves 
leading to formation of the dinuclear system. 
2.2.2 Promptly Emitted Particle Model 
This model was proposed by Bondrof el al. (63) explaining a 
reaction mechanism which gives rise to promptly emitted particles (PEPs) 
in nuclear reactions. Whenever the interaction barrier between the nuclei 
drops down to give way to free flow of nucleons from one nucleus to the 
other, the coupling of relative velocity with the Fermi velocity of the 
nucleons in the donor nucleus would give the transferred nucleons from 
the donor to the recipient an added boost in energy relative to the recipient 
(64). These energetic particles then pass through the recipient nucleus 
and can be emitted from it subject to energy and angular momentum 
restrictions and absorption. These particles are called quasi-free PEPs. 
Whenever a common interface area or "window" Is established 
between the interacting nuclei, say A and B, nucleons can be transferred 
from one nucleus to the other. The geometrical representation for the 
emission of PEPs is shown in Fig. (2.4). Z designates the beam axis and b 
is the impact parameter. The position of the window plane W is given by 
•/, = • / where Ci and C2 are the half-density radii of the two nuclei 
and 6-i, d2 are as depicted In figure such that di +d2 = r, the distance 
between the two centers. The distance traversed by the PEP Inside the 
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recipient is given by d; Ri and R2 are the sharp surface radii. The subscript 
t refers to the tangential component. The nucleons that are transferred 
from the donor (say A) to the recipient have their intrinsic Fermi velocities 
in the donor system and therefore these nucleons would have a different 
velocity in the recipient system, the transferred nucleons treated as 
classical point particles will have a velocity 
V, = v„, + v„ (2.36) 
where Va is the intrinsic velocity of the transferred nucleons in the donor 
system. The transfer of nucleons from one nucleus to the other is 
governed by the evolving barrier geometry, which also serves to give a 
precise definition of the "window". The kinetic energy of these particles in 
the recipient system is then given by 
£b = 2'"^ A =^0 + ^n, + IcosaJeX^ (2.37) 
where m is the nucleon mass, £•„ = -wvf ,£•„, = -mvl, and a is the 
angle between the intrinsic velocity Va and relative velocity v^/. 
The flux of the transferred particles is attenuated due to absorption 
and the remaining ones which reach the surface of the recipient can be 
emitted provided they have sufficient energy to overcome the barrier. The 
condition for particle emission is given by 
£b>U+V (2.38) 
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where U is the depth of the combined nuclear and coulonnb potential in the 
interior of the nucleus, it is assumed to be constant and V is the escape 
barrier which is equal to zero for neutrons. 
The distribution of the intrinsic velocity v^ , taken to be zero temperature 
Fermi distribution is given by 
3_ P K ) = 7 ^ ^ ( V . - V , ) (2.39) 
where v^ . is the Fermi speed and ^is the theta function. 
The probability of PEP emission for a certain impact parameter is given by 
P,,, = \dt\dA\dv^p{yJri{v,)e"'^' (2.40) 
where A is the window area, //(vj is the local one-sided flux of nucleons 
passing through the window d is the distance traversed by the prospective 
-d/ 
PEP inside the recipient and e '^ is the absorption factor with A, the 
mean free path. The total PEP emission cross-section is then given by 
a, = In \b dbPp,:, (2.41) 
0 
where bg is the grazing impact parameter. 
2.2.3 Break-up Fusion Model 
Kerman and McVoy (65) were the first to derive the formulas to be 
used to calculate the cross sections for the break up fusion (BF) reactions, 
or more generally for reactions in which the first (direct) part of the reaction 
resulted in a three body system, which was then followed by fusion of a 
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pair. Udagawa and Tamura (13) rederived the same formula somewhat 
differently using EFR-DWBA (exact-finite-range distorted-wave Born 
approximation) (66). However the expression of this theory was 
reformulated so as to make the description of the process more 
transparent and numerical calculations more easier. This reformulation is 
mode by introducing several approximations step by step. 
Consider a process simplest of all the break up processes so called 
elastic break up. The target behaves just as a spectator, except that it 
provides the force, which breaks up the projectile. Symbolically this 
process may be written as 
A + a -> A + a; a' = b + X (2.42) 
where A and a represent the target and projectile respectively. During their 
collision, a is inelastically excited into a continuum state a , which is 
eventually observed as a break up pair b and x. 
Here only the two body breakup of the projectile have been 
considered, and the corresponding triple differential cross section may be 
written as (66) 
r (2.43) 
where m^{m^)andk^{k^)^xe the masses and the wave number of the 
particle b(x), while Ua is the asymptotic velocity of the projectile a. In terms 
of the EFR-DWBA theory, the transition amplitude T, can be given as (66). 
T = {/;\^.,1)X':\^.MU,^ + Uj,<l,,{r,)x':\kjS). (2.44) 
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where x^p and x^ are the distorted waves of a with respect to the target, 
in the incident and exit channels, respectively, while (j)^icaAx^~'' stand for 
bound and continuum wave functions, respectively, of the relative motion 
between x and h. 
The operator Uu is the interaction between h and A, while U^ is that 
between x and A. The matrix element of these operators with respect to 
^^  and j * ' ^ can brought into the form as 
(2.45) 
where £^,/,and(5, are the kinetic energy, the angular momentum, and the 
phase shift of the relative motion between x and h. 
The parameterization of the DWBA overlap integral can be given as 
h.n. - iKK) 
-(2.46) 
where 
H'(/^) = exp -ih-iT) ( 0 ) \ 2 {la-h-la\ 
-(2.47) 
ir=d,+d,Q 
The validity of using this parameterization form has been confirmed many 
times (67 - 70). The /„ and l[, are the orbital angular momentum denoting 
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the partial waves of a in the incident and exit channels, I'P is the grazing 
value of /„. 
Using this equation and the asymptotic form (71) 
>^,.(^,0)« (2/ + 1)/ 
/4;r (%n/><Hr^l(/ + >/)^ l 
(2.48) 
Jm be the Bessel function of order m, the DWBA amplitude can be 
rewritten as 
T = E/J4;r)>'^  ^^p[iSM,iK)Y,„{p:)DJ„ip:) (2.49) 
This formula can be simplified further when application is made to cases 
involving high-energy particles. Under these circumstance, the amplitude T 
can be rewritten, after some manipulation, as 
T = N,g^^\0'^)^r„{e:,,^:)j„ie],) (2.50) 
m>0 
If we denote the momenta of x and b in cm. syatem byp^ and p,,, they are 
related to p^ and p], as 
P. = -Px +-P>, and^„ =P,+Pb (2-51) 
a a 
If the momenta of x and b in the laboratory system are dented by 
p';^ and p^ respectively, they holds the relations 
P'^ = P'J' - XV, and p^ = p], - bv, (2.52) 
V, is the velocity of center of mass. Once the laboratory angles of 
observations are chosen for x and b, together with their energies, 
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p';mdp^are known. Then equ. (2.44), (2.50), (2.51) and (2.52) in this 
order allows us to obtain the triple-differential cross-section in the cm. 
system. The corresponding cross section in the laboratory system, which 
can be compared with experimental directly is obtained as 
—-,—;—r- r , , > (2-53) 
dE^dn',dQ', dE,dn,dn^ dEldn'.dn'; 
where 
dE,da,da^ {^cose,+aJ sin^, ( ^ c o s ^ , + a J sin6>, 
dE^dn'^dQ'- " (Ei,+al+aa,^, cosd^}sin0^cos'O^' (E^+a^^cosd^)sin0^'cos'0'^ 
(2.54) 
with a^=jj^andq = xorb. The (^„ </)J(^„ </)J,(^/', ^,^)and(^i-,^i) 
are the polar angles of Pb,p,, pt and p'^ respectively. 
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III. Formulation and Experimental Techniques 
A nuclear reaction is a process in which the nuclear particle 
(nucleon or nucleus) comes into close contact such that energy and 
angular momentum exchange takes place. The final products of the 
nuclear reactions are one, two, or more nuclear particles leaving the point 
of close contact in various directions. The probability of occurrence or the 
strength of a particular nuclear reaction is usually expressed in terms of a 
parameter called "Cross-section" measured in Units of 10"^ ® m^ which is 
defined as equal to "barn" and abbreviated as "b". 
In the present work we have made an attempt to study the reaction 
cross-sections for the a-particle and heavy ion induced reactions by using 
the activation technique. The principle of this technique is to analyze the 
activity of residual nucleus obtained from a particular reaction. Following 
are the details of formulation. 
3.1 Formulation 
The expression for cross-section of a nuclear reaction may be 
written from the consideration of decay rate equation governing the 
nuclear transformation and decay of the activated product. If a target is 
irradiated by a projectile of constant flux ^ then the rate of production Rp 
can be written as (72, 73) 
Rp=a<t>No (3.1) 
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where a is the activation cross-section and iVg is the nunnber of target 
nuclei of the isotope under investigation present in the sample. The 
expression forA^ o may be given as 
N . = H L ^ (3.2) 
where m is the mass of the sample, A'^  is the Avogadro's number, / is the 
abundance of the isotope in the target, A^ is the atomic weight of the 
element in amu. 
Let ti be the time of irradiation of the target by a constant flux 
incident beam to produce a radio-active reaction product R. The equation 
which governs the growth of activity during irradiation can be written as 
— =c7</> N,-RA, (3.3) 
where A is the decay constant of R type activated nuclei and R is the 
number of radioactive atoms present. The activity of R type nuclei at the 
instant of stopping the irradiation is given by 
W = RA 
W = CT </) iVo[l - exp( -A ?,)] (3.4) 
where the factor [1 - exp( - A r,)] is called the saturation factor. 
If the activity of radioactive nucleus R is measured after a time ' / " 
from the stop of irradiation then it will be given by 
— = W exp( - A t') = RA exp( -At') 
dt' ^ 
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dR 
-~= G (l> N ,[\- exp( - /I r , )] exp( - X t') 
at 
dR = a <l> N ^[\ - exp( - A ?,)] exp( -X t')dt' (3.5) 
If DA be the actual number of disintegrations of the sample during a 
time period of ta starting after a time iz from the stop of the irradiation, then 
DA can be obtained by integrating eq. (3.5) with limits \.2 to ta + h 
D^= a (l> N^[\ - exp( -X f,)] jexp( -A t')dt' 
or 
_ (7 (j> i V o [ l - e x p ( - ; i ^ , ) ] [ l - e x p ( -X t,)] 
^ A ~ X exp( A ^2) 
(3.6) 
Now if A is the number of counts observed by the detector during 
the time interval ta, e is the detection efficiency of the detector, G is the 
geometry factor, 6 is the absolute intensity of the particular gamma ray and 
K is the self absorption correction factor for the gamma ray in disc shaped 
target, which is given as (74) 
^ ^ [ l - exp( - / / d)\ 2^ 7) 
Hd 
where/^ is gamma ray absorption coefficient taken from ref. (75), d is the 
thickness of target under investigation, then the actual number of 
disintegration Dp, will be given as 
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D , = (3.8) 
' e.G e K 
From eq. (3.6) and (3.8) we can write the expression for a as 
AX exp( -X tj) 
(f) N^ £.G e K[\- exp( -X / ,)][! - exp( -A t^)] 
(3.9) 
This expression has been extensively used to calculate the activation 
cross-section in the present study. 
In the present measurements when more than one gamma rays are 
available for particular reaction at the same energy, then the experimental 
cross-section value is taken as the weighted average of the individual 
cross-section of these gamma rays. Following formulation has been used 
for determining the weighted average (76) 
If we suppose Xi± AXi, X2± AX2, X3± AX3,. are the different 
measured values of the same quantity then the weighted average is given 
as 
X = ^ ' ' (3.10) 
where 
Pf, = — L _ (3.11) 
(AX/) 
The Internal error (I. Er) is given by 
I.Er. = [ 5 : ^ . ] ^ (3.12) 
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And External error (E. Er) is given by 
E. Er. = I^.(X-X,) 
n(n -1)^ W, 
-(3.13) 
The internal error depends on the errors of individual observation 
hence on the internal consistency whereas the external error depends 
upon the deference between observations from the mean value hence is a 
function of external consistency of the observations. 
Based on above formulation we have developed a computer 
program "NPSIGMA" which has been used for the calculation of cross-
sections at various energies in present study. 
3.2 Target Preparation 
Self - supporting targets of ^^Nb, °^^ Rh and ^^ ^Ho for the study of 
alpha particle induced reactions were prepared at Target laboratory of 
Variable Energy Cyclotron Centre Kolkata INDIA. The spectroscopic pure 
targets of Niobium and Holmium of thickness 10.5 mg/cm^ were prepared 
by rolling while °^^ Rh targets were prepared from the commercial supplied 
sheets of thickness 1.24mg/cm .^ The target foils were cut into pieces of 
size 1.5x1.5cm^ and accurately weighted using microbalance, so that the 
thickness of each foil was accurately known. These target foils were fixed 
with the help of zapon in acetone on the aluminum holders having a 
circular hole of diameter 1.2cm in its centre. After evaporation of acetone 
the zepon held the target foils with the holder. The targets thus made were 
43 
arranged in the form of stack. In between the target foils the aluminum foils 
of different thickness were also inserted to act as energy degrader and 
also copper foils to check flux using the standard (a, 2n) monitor reaction. 
Proper selection of thickness of the degrader foils enables us to bombard 
the particular foil with desired incident energy of alpha particle. For 
checking the background activity produced in the target holder, two blank 
target holders one at the end and other in the beginning of the stack were 
put at the time of irradiation. 
The targets of Cobalt were prepared by vacuum evaporation 
technique at target laboratory of Nuclear Science Centre (NSC), New 
Delhi INDIA. For excitation function measurements the cobalt targets of 
thickness ~ 350 jxg/cm^ were made on aluminum backing of thickness ~2 
mg/cm^, while self-supporting targets of thickness ~ 172 ^g/cm^ were 
fabricated for recoil range measurements. The vacuum evaporation units 
used at NSC are shown in Fig. [3.1] and Fig. [3.2]. In order to make the 
targets on aluminum backing the Al foils of thickness ~ 2mg/cm^ were first 
made by rolling. These foils were then cut into pieces of 1.5 x1.5 cm^ and 
fixed on aluminum holders having concentric hole of about 1 cm diameter. 
The cobalt targets were then formed by heating the material via. resistive 
heating method in vacuum chamber and allowing the cobalt vapour to 
condense on aluminum baking mounted on aluminum holders. The 
thickness of the material deposited was monitored by quartz crystal 
thickness monitor. Since the source to substrate and source to quartz 
crystal distances were different, tolling correction factor was also taken in 
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Fig. 3.2- Vacuum evaporation unit at Target laboratory NSC, New Deltii 
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to consideration while depositing the material. Thin catcher foils of 
aluminum and self-supporting targets of cobalt for recoil range 
measurements were made by evaporating the material in vacuum 
chamber on glass slides coated with a realizing agent kept at lower 
temperature. The thin films thus formed were removed by floating the 
coated glass slides on distilled water. The floated films of size ~ 1.2 x 1.2 
cm^ were then lifted on the aluminum target holders. 
The thickness of the targets was again measured by a-transmission 
method. This method is based on the measurement of the energy lost by 
the a- particle while passing through the sample. The '^*^ Am source, which 
emits a- particles of energy 2.575 MeV was used for this work. The 
thickness measured by the a- transmission method and quartz thickness 
monitors matches with in experimental errors. 
3.3 Calibration of Detector 
For the proper identification of the evaporation residues 
produced in the experiment, through their characteristic y-rays, the 
detector must be precisely calibrated. In fact it is the calibration of pulse 
height in terms of absolute gamma ray energy and is very important 
(77,78). Hence, very high-resolution HPGe detector and standard sources 
having gamma energies that cover the complete range of the y-rays 
expected during the experiments are indispensable. In the present 
measurements the multipoint calibration of y-ray detector has been done 
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using ^ " E U gamma standard source, as it emits y-rays covering a wide 
energy range of 120 keV to 1530 keV. Table (3.1) lists the prominent y-
rays along with their absolute intensities, for the calibration of detector 
used in the present work. 
3.4 Measurement of Detector Efficiency 
The detector efficiency can be defined as a function of the 
detector geometry and the probability of an interaction in it. The 
determination of detector efficiency of detector using individual standard 
sources may introduce errors, due to non-reproducibility of the geometry. 
These errors may be detached by using a single source emitting large 
number of gamma rays. In the present measurements a standard ' ' "EU 
gamma source of known strength has been used for the determination of 
detector efficiency. A typical gamma ray spectrum of ^^ ^Eu source used for 
this work is shown in Fig [3.3]. 
The intrinsic photo-peak detection efficiency of gamma point source 
is given by the relation 
e= C-^Wi^t) (3 14) 
s,.e..G 
where 
C = Count rate under the photo-peak 
A = Decay constant of source 
/ = Time lapsed between start of counting and the date of fabrication of 
standard y-ray source. 
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Table - 3.1 
Prominent gamma rays and their absolute intensity of ^^ E^u source 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
15. 
Gamma ray 
Energy (keV) 
122 
245 
344 
368 
411 
667 
689 
779 
964 
1086 
1112 
1213 
1299 
1408 
1458 
Absolute Intensity 
{%) 
30.68 
7.2 
27.20 
0.86 
2.25 
4.10 
0.85 
12.72 
14.33 
10.10 
13.4 
1.43 
1.67 
21.97 
0.52 
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So = Strength of the source at the time of its manufacture 
<9 = Absolute intensity of relevant gamma ray 
G = Geometrical factor which is given by G = Q / 47i , where Q is the 
solid angle in steradians subtended by the detector surface facing 
the source, and can be determined from its dimensions and source 
detector distance. Mathematically it can be given as (78) 
Q = 2;T 1- -(3.15) 
where 
R = Radius of the detector crystal 
D = Distance of the source from detector surface 
In order to avoid the probable error in geometry factor we have 
determined the relative efficiency given by 
^ Cexp(/10 
s,e 
-(3.16) 
The geometry dependent efficiency for ORTEC's HPGe detectors 
used at Variable Energy Cyclotron Centre (VECC), Kolkata (INDIA) and 
CANBERA's HPGe detectors used at Nuclear Science Centre (NSC), New 
Delhi (INDIA), have been determined at various source to detector 
distances, however in order to keep the geometry dependent efficiency 
same for all measurements the standard source and target foils/catcher 
foils were counted in the same geometry. Depending upon the intensity of 
induced activity produced in the target foils/catcher foils the source to 
detector distance in each case was kept different (when ever necessary), 
- 5 1 -
in order to keep the dead time of counting less than 10%. The values of 
6 .G thus obtained were plotted as a function of energy using the program 
ORIGIN6.0. A polynomial of degree 4 having the following form was found 
to give the best fit for these curves. 
e.G =ao + ajX+a2X^+ 03:?^+ 04^^ (3.17) 
where ao, a^, 82, as, and 34 are the coefficients having different values for 
different source detector distances, X is the energy of characteristic 
gamma ray. The typical geometry dependent efficiency curves of detectors 
at various source detector distances are shown in Fig. (3.4). 
3.5 Experimental Set-up 
For the experiment at VECC to measure excitation functions of 
alpha particle induced reactions the stacked foil technique is employed, 
which is generally used for the study of charges particle reaction cross-
sections (79 84). In this technique a number of target foils are properly 
arranged to form a stack. The energy degrader foils can also be inserted in 
between the target foils to achieve the desired incident projectile energy to 
hit the particular target foil. This is a very powerful technique as in a single 
irradiation number of target foils can be exposed to different projectile 
energies. 
The stack comprising of the target foils and aluminum energy 
degrader foils were irradiated using diffused a-particle beam of diameter 
8mm at Variable Energy Cyclotron Centre Kolkata. The target stacks were 
clamped in a water-cooled "Faraday Cup". In order to measure the beam 
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current of the a-particles striking the target foils the Faraday Cup was 
insulated from rest of the system The Faraday Cup was also connected to 
a calibrated current integrator, in order to measure the total charge 
collected dunng a particular irradiation Since the beam current 
fluctuations dunng the irradiations were very small, the average incident 
flux was calculated by using the total charge collected in the Faraday Cup 
A typical expenmental set-up for the stack irradiation is shown in Fig [3 5] 
The energy of alpha particles stnking different target foils has been 
calculated using the foils thickness and relevant alpha particle stopping 
power For these calculations Tables of Northcliffe and Shilling (85) were 
adopted No consideration of straggling for increase in the path length of 
incident beam in the stopping medium have been made for the estimation 
of energy loss in the target thickness, because of its negligibly small 
effects for alpha particles (80) The uncertainty of 0 5 MeV in the initial 
beam energy was also taken into consideration 
In order to study the heavy ion induced reactions, which comprise 
the measurements of excitation functions and recoil range distnbution of 
evaporation residues in stopping medium, 15 UD Pelletron accelerator 
facility of Nuclear Science Centre (NSC) New Delhi was used This is a 
two-stage heavy ion Tandem type electrostatic accelerator, capable of 
accelerating any ion from proton to uranium up to energy 200 MeV 
depending on the ion The maximum terminal potential is Vj = 15 MV The 
expenments were performed using General Purpose Scattenng 
Chamber (GPSC) facility of Nuclear Science Centre, New Delhi (INDIA) 
55- y^?^^^J:^X5^t^ 
r 64<3^ ^* I 
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The diameter of GPSC is 1.5 meter and there is facility of invacuum 
transfer of targets so that the time laps between stop of irradiation and 
beginning of the counting can be minimized. The General Purpose 
Scattering chamber at NSC is shown in Fig. [3.6]. 
For the excitation function measurements the target and catcher 
assemblies were irradiated individually at different energies because of 
considerable energy loss of the heavy ions in the target materials. The 
targets under investigation were first mounted on target ladder as shown in 
Fig. [3.7]. This target ladder was than placed inside the scattering chamber 
so that the target face was normal to the beam direction. The two surface 
barrier (SSB) detectors were also kept at ±10° to the beam direction, to 
monitor the flux of the incident projectile beam. The inner view of the 
scattering chamber is shown in Fig [3.8]. The Faraday cup was connected 
to the integrator. The incident flux was determined from the charge 
collected in Faraday cup as well as from the counts of the two Rutherford 
monitors. The values thus obtained agree with each other with in 5%. 
The target samples of ^^ Co were irradiated using ^^ C beam at five different 
energies viz., 60, 65, 70, 75, and 80 MeV. The charge state of beam was 
5*/ 6* with beam current 25 nA to 30 nA. The time of irradiation for these 
measurements varies from 6-10 hrs. 
In order to measure the recoil range distribution of evaporation 
residues produced in ^^ C + ^^ Co system the stacks containing a thin self-
supporting target (thickness « 172 |ig/cm^) of ^^ Co facing a stream of very 
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Fig. 3.7 - Target ladder, mounted target shown in ttie figure 
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thin aluminum catcher, foils (thickness 70 )ag/cm^ to 110 ^g/cm^) were 
irradiated at 75 and 80 MeV projectile energies. 
3.6 Recording of Gamma-Ray Spectrums and 
Identification of Reaction Residues 
In nuclear reactions evaporation residues are produced in excited 
state by emission of charge particles/neutrons. These excited residual 
nuclei decays to their ground states by emitting characteristic gamma rays. 
In activation technique (used in present study) the gamma activities 
produced in the irradiated targets/catcher foils were followed. As each 
radioactive isotope has a unique mode of decay and it comes to ground 
state by emitting characteristic gamma rays, so identification of 
characteristic gamma rays and their intensity provides the measure of 
particular evaporation residue. This activation technique is a very powerful 
technique. The cross-sections up to ^^b have been measured (86) using 
this technique. Extremely high sensitivity, selectivity and the possibility of 
non-destructive analysis are some advantages of this technique. 
The most important and major step of the experiment is the 
recording of the gamma ray spectrums of the induced activity in the target 
and catcher foils. In case of VECC experiments the stacks of target and 
energy degrader foils were detached from the Faraday cup after 
irradiation. The target foils were than mounted one by one in the desired 
geometry of the counting system for recording the gamma activities 
produced in them. ORTEC's PC based multi-channel analyzer was used 
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for recording the gamma ray spectrums. However in case of NSC 
experiment for recoil range measurement, tlie stack consisting of thin 
target and series of very thin catcher foils were detached from the target 
ladder after irradiation. The activity induced in the catcher foils due to the 
recoiling evaporation residues were recorded by placing the catcher foils in 
desired geometry. The NSC built data acquisition system "FREEDOM" 
was used to record the gamma ray spectrums. The counting geometry for 
a particular observation was chosen in such a way that the count rate is 
appreciable and at the same time the dead time of the detector is low. 
Because of very high-energy resolution ~2 keV @ 1332 keV of ^°Co, 
HPGe detectors were used to record the gamma-ray spectrum. The good 
energy resolution of these detectors not only helps to separate very 
closely spaced gamma-ray peaks, but also nicely detects the weak 
gamma rays of discrete energies when superimposed on a broad 
continuum. 
3.7. Sources of Errors 
It is very important to have precise estimation of the various errors 
associated with a particular measurement for the quality and reliability of 
the experimental data. The errors involved in the measurement of cross-
sections consist of statistical and systematic errors. The various sources of 
errors, which may creep in the present measurements, are briefly 
described below. 
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(1) The erratic behavior of various nuclear modules, detectors may 
introduce some errors in the measurements. This can be minimized by 
stabilizing the electronic equipments for few hours well before the start of 
the experiment. 
(2) The non - uniform thickness of targets and inaccurate 
measurement of thickness may also introduce some errors. This error was 
minimized by measuring the thickness by a - transmission method and to 
check the uniformity of the target foils the thickness of foils were measured 
at different positions also. The estimated error due to this factor was less 
than 1 %. 
(3) The adopted values of stopping powers of the different targets also 
introduce some errors in the estimation of the incident alpha particle 
energies. Accuracy of stopping power values was not estimated by the 
authors (85). 
(4) Fluctuations in beam current may also introduce errors in the 
current integrator readings due to incomplete charge collection at the 
Faraday cup. The beam current was continuously monitored any 
accidental stop of beam or appreciable fluctuation in the beam intensity 
was recorded and taken care while calculating the total irradiation time and 
average beam current and hence incident flux. 
(5) Non - reproducibility of the geometries of irradiation and counting 
system may also introduce some errors. However this error was minimized 
by fixing the target in fixed geometry during irradiation and counting. 
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(6) The efficiency of the detector is one of the major sources of error in 
excitation function data. This error was minimized by accumulation the 
data with standard source for longer time and determining the efficiencies 
very carefully and obtaining the efficiency curve by using best polynomial 
fit. 
(7) Losses due to the nuclei recoiling out of the target may introduce 
some error in the measurement of excitation functions for heavy ion 
induced reactions. This error was minimized by counting together the 
activities induced in the target and the catcher foil. 
(8) There may be certain errors because of the uncertainties in the 
nuclear spectroscopic data used taken from table of isotopes. The error 
due to this was not incorporated in the present investigations. 
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IV. Computer Codes 
The nucleus is a many-body complex system which, if given a 
rather small amount of excitation energy may attain many different 
configuration. The density of quantum mechanical states increases rapidly 
with excitation energy and soon becomes very large. Even at lowest 
projectile energies at which nuclear reactions can be initiated with charge 
particles, many states are available for the compound nucleus. This 
compound nucleus can decay through many different ways since separate 
study of each state is very complex. The models based on statistical 
methods are not only appropriate, they are essential for the 
comprehension and predication of many nuclear phenomena. 
Nuclear reaction studies are concerned with the analysis of cross 
section data in terms of statistical model for the formation and decay of the 
compound nucleus. The early models developed by Bethe (87) Weisskopf 
and Ewing (23) (1937 - 1940) were based on Bohr's independent 
hypothesis for the formation and decay of the compound nucleus. Which 
nevertheless neglect a direct consideration of angular momentum 
imparted by the projectile to the compound system and parity. Therefore, 
these models are suitable as such for the study of nuclear reaction 
mechanism based on light ion, where the angular momentum effects are 
small due to low mass of the projectile. With the advent of heavy ion 
beams in the late 1950's the introduction of large amount of angular 
momentum associated with the large mass of the projectile had many 
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consequences therefore, in order to incorporate the angular momentum 
effects in the nuclear level density expansions these models were modified 
by Hauser and Feshbach (88). 
Several models have been proposed to understand nuclear reaction 
mechanism and nuclear structure and a variety of computer codes were 
developed for the prediction and analysis of various products of compound 
nucleus decay. These computer codes can now be used to verify the 
reaction mechanism, to aid in the identification of compound nucleus 
formation and decay, to determine angular momenta and to search for 
non-statistical aspects of nuclear structure at higher excitation energies 
and high angular momentum (89). 
The types of calculations and computer code may be classified as 
single - step (SS) calculations and multi-step (MS) calculations. In SS 
calculations the excited nucleus has energy sufficient for one decay or it is 
only the emission of the first particle that is of interest. However, in case of 
MS calculations the spectra of gamma rays and light particles contains 
contributions from successive decays and the distribution of heavy 
residues is arrived at through several or many successive decays. This 
problem can be treated in two ways namely Multi Step Ghdded Method 
(MSGR) and Multi Step Monte Carlo (MSMC) method. In MSGR a grid is 
constructed in Z and A and, for each nucleus, a population distribution 
over a two dimensional grid in excitation energy and angular momentum. 
The size of the grid in Z and A continues to expand for successive 
daughter nuclei until further decay is energetically forbidden. However, 
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MSMC method follows the decay of individual compound nuclei in an initial 
ensemble by Monte Carlo techniques until the residual nucleus can no 
larger decay. The great advantage of the Monte Carlo method is that it can 
predict energy spectra, angular distributions and multi particle correlations 
in laboratory system. 
We have used the ALICE - 91 and CASCADE computer codes out 
of various available statistical codes for the calculation of excitation 
functions and to compare the experimental values with the calculated one. 
Both of these codes are based on multi step girded (MSGR) method. The 
advantage of the grid calculation is that the yield of very weakly populated 
residual nuclei may be calculated with precision. However, such codes 
generally do not calculate the angular distributions of emitted particles or 
residues. 
4.1 Alice-91 
The code ALICE-91 employs the Weisskopf- Ewing model (23) for 
statistical component and hybrid (27) and geometry dependent hybrid 
(GDH) model of Blann (28) for pre-equilibrium emission. In the equilibrium 
calculations, the evaporation of proton, neutron, deuteron and alpha 
particles has been allowed for. The Q values for the formation of 
compound nucleus and the neutron, proton, deuteron, binding energies for 
all nuclides of the interest in the evaporation chain have been calculated 
using Myers - Swiatecki/ Lysekil mass formula (90). In this code we have 
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the facility of varying mesh size and therefore the cross-sections up to 300 
MeV xAE {AE be the mesh size) can be calculated. 
The residual nuclei of a grid 11 mass units wide by 9 atomic 
members deep, may be calculated. Particle spectra may be selected in the 
output, in addition to individual product yields and fission cross-sections. 
The evaporation calculations include fission competition according to the 
Bohr-Wheeler approach (91), using angular momentum dependent state 
and saddle point energies. These energies are taken from Cohen et. al. 
(92), Rotating Liquid Drop Model (RLDM) calculations. 
The inverse reaction cross sections are calculated from the optical 
model subroutine which uses the Bechetti and Greenless (93) optical 
parameter, however, there is an option of classical sharp cut off model 
also. The level density parameter influences the shape as well as the 
height of calculated excitation functions. In this the level densities of the 
nucleide involved in the evaporation chain can be calculated from the 
Fermi gas model (51) as 
p(U) = {U - <5)"^  exp{2^a{U -5) (4.1) 
Where U is the excitation energy of the nucleus and 5 is the pairing term. 
In general for the level density parameter a value of a = 4 ^ is applied, 
where A denotes the nucleon number of the compound nucleus and not 
the residual nucleus and K, a constant for which values spread over a 
wide region have been given in literature (94 - 96). The level density 
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option due to Kataria / Ramamurthy (97) or due to Ignatyuk (98) may be 
selected. The KRK option takes into account tlie shell correction. 
In pre-equilibrium emission calculations the initial exciton 
configuration and level density parameter "a' are very crucial quantity. 
Where as the mean free path multiplier (MFP) affects the equilibrium 
component. The mean free path multiplier for intra nuclear transition rates 
may be calculated either from the optical potential parameters of BecchettI 
and Greenless (93) or from Pauli corrected nucleon - nucleon cross-
sections (52, 99). 
In case of heavy ion, the transmission coefficients are calculated 
using parabolic model of Thomas (100). The upper limit of the 
enhancement of y - ray deexcitation due to angular momentum effect can 
be obtained by selecting s - wave approximation (46, 101). In this, the 
cross section for emitting a particle at channel energy e is evaluated for 
every partial wave in the entrance channel. Higher angular momentum of 
the nucleus inhabits particle emission more than y - ray emission in the last 
stage of nuclear deexcitation. Therefore the peak of the excitation 
functions corresponding to particle emission mode will be shifted to higher 
energy (102). A similar shift may also be obtained if the mean energy of 
the evaporated particles increases with increasing nuclear spin. From the 
nuclear rotational energy one can estimate the over all energy shift. For a 
rigid body moment of inertia rotational energy can be given as (102) 
M 
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where m, M are the mass of projectile and target nuclei and Eiab the 
incident projectile energy. It is desirable to shift the calculated excitation 
function by the amount approximately equal to E f^ to account for large 
angular momentum imparted and it is assumed that the rotational energy 
for each partial wave is irrevocably committed to rotational motion and 
therefore no energy is available for particle emission. In case of heavy ions 
it does not take into account the angular momentum involved, as heavy 
ion projectiles impart large angular momentum to the composite system 
having a finite moment of inertia and consequently greater rotational 
energy. Because of nuclear rotation, a nucleus with a given angular 
momentum can not have energy below a minimum value EJ'" 
£ r « J ( J + l ) ^ (4.2) 
where J = angular momentum 
/ = moment of inertia of the composite system 
Formulation 
The cross section for emitting a particle at channel energy € may 
be written as (103) 
^^1 =^x^Z(2/ + i)r,(25,+i)|;rJ(e)X P(^'% 
(4.3) 
where X is the reduced de-Broglie wave length of the incident ion, T; is the 
transmission coefficient for the 1**^  partial wave of incident ion. p (E,J) is the 
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spin dependent level density for the residual nucleus, D is the integral of 
the numerator over all particles and emission energies; Sy is the intrinsic 
spin of the particle v. Tl(e) is the transmission coefficient for the particle v 
with orbital angular momentum /. 
For simplification the level density p (E,J) can be replaced by p (E.l) as 
^^] = ;r X l (2/ + 1) T, (IS^ + 1) ± ^^Z ^ 1) ^  ie)piE, I)/ 
V ^ ^Jy 1 = 0 1=0 ^ 
(4.4) 
±{21 + \)TUe) = 2^^(^)'« y ^ , (4.5) 
; = o ' ^ ^ 
SO 
d e 
= ±cr,-2(25, + \)cT^(e)m e p{E, I)/ ^^  g^  
This is known as s - wave approximation this equation can further be 
Simplified assuming that the nuclear moment of inertia is infinite. Then, the 
result of Weisskopf compound nucleus model (23) is obtained. Thus if 
p (E, I) cc (2/ + \)p [E - £„, (/)] with £„, (/) = 0 (4.7) 
we obtain 
V ^ e y 
^ 1^ C7,{2S^ + l)<T,(e)/« e p(£)/^ 4^ g^  
/D' 
1 = 0 
which is the expression of Weisskopf. 
The general expressions for the particle emission and fission width, 
using saddle point and yrast energies based upon the rotating liquid drop 
model (RDLM) are 
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=0 / + 1 E-E^(J)-B, 
r , ex: {2S^ + \)Y^ X ( 2 J + 1) \p^[E - £ _ ( J ) - B^- G]rJ(e)«f e 
'=0 y=| / - i | 0 
(4.9) 
r^ oc (2/ + 1) jp^[£ - £ , / / ) - ^ )^^ (4.10) 
where r^and r^are the particle emission width and fission width 
respectively. Esp(l} is the rotational energy of a nucleus with angular 
momentum / at the saddle point deformation from RDLM. pf is the level 
density at fission saddle point. 
In ALICE - 91 computer code to evaluate the all above equations 
the core of the computer is divided into a chart of nuclides as shown in Fig. 
[4.1]. The compound nucleus which is formed at some excitation energy 
and with some cross-section. The Weisskopf calculation is then used with 
a 1-MeV grid size to perform the evaporation of a neutron, proton, alpha 
and deuteron storing the residual nucleus population into the appropriate 
bin. 
The control then moves over to the A-1 bin following neutrons 
emission, from the compound nucleus. This bin can also be resulted with 
the emission of proton, deuteron, and alpha particle. The residual nuclei 
obtained from the emission of aforesaid particles are stored in the 
respective bins. The code uses the number of millibarns in the highest 
energy bin (A-1) and redistributes that cross-section in the same manner. 
After this the control comes down to the next residual excitation bin and 
the process continues up to the moment all the cross-section redistributed 
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A - 2 A - 1 
Z - 1 
Z - 2 
Fig. -4.1 - Logical flow oftlie ALICE - 91 code. 
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and summed it in the appropriate bins of tlie residual nuclides. This logic is 
repeated going across the A as far as requested by an input parameter. 
After this the control comes down in Z to the nucleus A-1, Z-1 and 
repeats the process till all calculations are not completed for each input 
parameter. 
4.2 Cascade 
The cascade code (24) is based on the assumption that the 
projectile and target form a compound nucleus in statistical equilibrium. In 
this code the Hauser - Feshbach formula (88) together with the statistical 
nuclear model are applied in order to calculate the intensities of various 
decay chains and thus the excitation functions of the reactions. Starting 
from the highly excited compound nucleus it calculates relative decay 
widths for fission, particle and y - emission and generates matrices 
containing the population of the daughter nuclei as function of excitation 
energy and angular momentum for the daughter nuclei. Then by repeating 
this procedure, it follows automatically all possible decay sequences until 
the excitation energy has fallen below the particle threshold. Normally the 
cascade code takes into accounts the statistically equilibrated emission of 
neutrons, protons, alphas and y - rays only, for the decay of compound 
nucleus. However, in some special cases additional decay modes may be 
of interest. Emission of deuterons becomes important at higher excitation 
energies (KT > 3 MeV), emission of ^Li may be significant in light nucleus 
at angular momenta close to the yrast line. Therefore, there is an option in 
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the code to choose arbitrarily one (but only one) additional particle decay 
mode. The size of the population matrix is 32 MeV in energy and 64 h in 
spin, when a 1 MeV energy step size is chosen and parity is neglected. If 
0.5 MeV steps are chosen and parity is included, which is important only in 
the last stages of the de-excitation process, then their dimensions are 32 
MeV X 32 ^. The zero point of the energy and angular momentum scale is 
suitably chosen so that the matrices always comprise the regions of 
interest. 
The spin distribution is usually derived from the known fusion cross 
- sections using a strong absorption model. The decay probabilities are 
obtained from the level densities in the daughter nuclei and transmission 
coefficients for the emitted particles. The fission competition is also 
incorporated in this code. However, the pre - equilibrium emission and/or 
incomplete fusion (ICF) possibility has not been taken into account. The 
partial width for the fission is taken to be given by the total number of 
available states at the saddle point, which are allowed by angular 
momentum and energy conservation. In this liquid drop fission barrier is 
assumed. 
Formulation 
The partial cross section for the formation of a compound nucleus 
of spin J and parity TI from a projectile and target nucleus with spin Jp and 
JT respectively, at centre of mass energy is given by (104, 105) 
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9 7 , 1 Jp+Jr J+S 
K^-Jp + 1X2^7- + 1) S=\jp-Jr\ IMJ-S\ 
here T/. are the transmission coefficients, assumed to depend on the 
energy and the orbital angular momentum L S = Jp + JT is the channel 
spin. The summation over L is restricted by the parity selection rule 
n = Kp nj{-\f'. 
For heavy ions, the transmission coefficients T\_ as a function of 
angular momentum are approximated by a Fermi distribution as 
r = ! (4.12) 
'- 1 - exp[-(Z - I„)/^] 
where Lo is chosen so that the measured fusion cross section 
o"cw = X*^(-^''^) '^ reproduced, 6 is the diffuseness chosen values similar 
to those obtained from optical - model calculations. 
According to Thomas (97), the rate R^de^ for emitting a particle x 
from an excited nucleus 1 ( Excitation energy E ,^ spin Jt and parity n-\) to 
form a product nucleus 2 (at £2, J2 and ni) is 
n Infip^ (£1, Jp ;ri) s=\j,-s,\ L=\J,-S\ 
(4.13) 
where fx is the kinetic energy of particle x, given by Ei - E2- separation 
energy. Sx and L are the spin and orbital angular momentum of the 
particle. S = J2 + S^  is the channel spin. The transmissions coefficients r/ 
for the scattering of particle x on nucleus 2 are obtained from the optical 
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model using average parameters In this spin orbital effects are neglected 
The decay rate of y - rays from the same nucleus can be given as ( 106, 
107) 
(4 14) 
here L is the multi polanty of the y - ray and ^,fi\e^) are the energy 
dependent strengths In our calculations only Ej, Mi and £2 transitions are 
considered The level density compnses crucial point in case of heavy ion 
included reactions, because of remarkable influence of high angular 
momentum and high energy on the deexcitation cascade 
The density p of levels of spin J at an excitation energy E is given 
byGilat(108)as 
p{E,J) = Q}{E,M = J)-co{E,M = J + 1) (4 15) 
with the state densities 
CO (E, M) = 0}{E - MyaR,0) (4 16) 
0) {E,0) = 1. ^3 exp(2 V ^ ) (4 17) 
and the equation of state 
<2 3 U = E-A = at'--t (4 18) 
here a is the level density parameter which determines the energy 
dependence, A is a panng energy which determines the zero point energy 
and effective excitation energy U = E - A, the f is the thermodynamical 
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'^ *.>-v .^3.^ 
temperature given by the equation of states. The spin dependence is 
determined by the parameter aR = 2l/h^, where / is the effective moment 
of inertia and can be given as 
I = ~Mr^ with r = r,A^' (4.19) 
To = effective radius parameter. 
The level density formula implies an yrast line. 
E„^J,-^il^,^-.^<l^.A (4.20) 
aR II 
when very large range of excitation energies are to be considered then the 
energy dependent parameters should be used. The entire energy scale 
can be divided in to three regions as 
(A) Region I (Low excitation energy E < 3 to 4 MeV) 
In this region the experimentally known levels are used. 
(B) Region II (Medium excitation energy 4 < E < 10 MeV) 
Here, the analytic level density formula is applied. The parameter a 
and A can be determined empirically for each nucleus as has been done 
into the work of Vonach et. al. (109) and Dilg et. al. (110). The value of aR 
is uncertain which can be determined approximately from the position of 
high spin states. 
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(C) Region III (High excitation energy E > ELDM) 
We have very little knowledge about the level densities in this 
region. Therefore, it is assumed that at a sufficiently high excitation energy 
ELDM all nuclei behave as predicted by liquid - drop model. The analytical 
form of Fermi gas level density was used. Both parities are assumed to be 
equally probable. The parameter a = auoM is set equal to jZ A MeV" \ The 
parameter pairing shift {ALDM) is calculated by assuming that the virtual 
ground state for the level density in this region should coincide with the 
ground state energy of spherical liquid drop which can be calculated from 
the following 
(a) Myers - Swiatecki mass formula 
(b) Back - shifted Fermi gas model expressed by Dilg et. al. 
(c) Kapoor Ramamurthy and Kataria (KRK) formula. 
The moment of Inertia, which determines the spin dependence, is 
taken to be that of a deformable liquid drop with gyrostatic motion. The 
deformability under rotation is taken into account by assuming 
/ = lsphere(1 + SL^)- Here the L - dependence is suggested by a simple 
model for rotating liquid drop. 
The level density parameterization is based on the assumption that 
above some excitation energy EiOM the influence of the individual shell 
structure of a nucleus on the parameter a and A vanishes. However, in 
case of heavy ion reactions in creasing excitation energy is always 
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connected with increasing average angular momentum. Therefore, the 
effect of both energy and angular momentum cannot be separated. The 
angular momentum is more effective in suppressing shell effects than 
excitation energy. 
At higher angular momentum the shape of a nucleus is expected to 
deviate considerably from a sphere. Therefore, the deformations can be 
included by introducing an angular momentum dependent moment of 
inertia. The yrast line thus obtained deviates from that of a rigid sphere 
with a smooth continuation of the level density in the yrast line. This 
implies an enhancement of p(E, J) compared to the deformed case. Since 
in case of heavy ion reactions at energies above coulomb barrier the 
population of the compound nucleus extends to high spin states, an 
appreciable fraction of the deexcitation cascade takes place in the vicinity 
of the yrast line and will therefore be sensitive to its shape and spin 
dependence of the level densities in this region. One of the most important 
parameter in cascade code is the ratio of actual moment of inertia to the 
rigid body moment of inertia of the excited system. It is denoted by FQ. This 
Fo has considerable effect on the calculated excitation functions. The 
parameters necessary for the defining the level density p (E, J) are 
summarized in Table (4.1) 
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Table - 4.1 
Label density parameters 
Region I 
Region 11 
Region 
Individual levels for each nucleus. 
Empirical level density parameter a, A for each 
nucleus. 
Radius parameter ro for effective moment of 
inertia. 
Experimental yrast levels, if available. 
Parity distribution. 
Transition energy ELDM-
Level density parameter «/,JA^(~ \CA MeV'^j. 
Virtual ground state energy ALDM for each 
nucleus. 
Radius parameter rotoM-
Deformability 5. 
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V. Measurements 
5.1 Measurement of excitation functions for alpha 
induced Reactions 
A core part of the work presented in this thesis is an attempt 
to study of alpha particle induced reactions which deals with measurement 
of excitation functions using stacked foil activation technique. The alpha 
particle induced reaction cross-sections for ^^Nb, °^^ Rh and ^^ ^Ho targets 
have been measured up to 50 MeV alpha particle energy. The stacks of 
target foils with aluminum degrader foils were irradiated with a-particle 
beam in channel I of Variable Energy Cyclotron Centre Kolkata INDIA. 
Numbers of reactions were observed by identifying the characteristic 
gamma rays obtained from the decay of the various residual nuclei 
produced. 
In the present measurement various reactions were possible, 
however only those reactions, which gave appreciable activity for 
meaningful excitation functions, were studied. The possible reaction 
channels (residual nucleus unstable) for ^^Nb, °^^ Rh and ^^ ^Ho in the 
considered projectile energy range, in the present measurement are 
tabulated in Tables (5.1 - 5.3). These tables include the residual nucleus, 
half-life and spin parity of the residual nucleus, Q-value of the reaction, 
characteristic gamma ray energies and corresponding absolute 
intensities emitted from the residual nucleus produced. The spectroscopic 
82 
Table - 5.1 
Nuclear Spectroscopic data used for the evaluation of cross-sections in 
^^Nb Target 
Reaction Half-life Spin-parity Q-value Gamma Absolute 
(Ti,2) (J' ' ) (MeV) Energy lntensity(%) 
(keV) 
93k Nb(a, n)'"^Tc 51.50 m 4" 
93i Nb(a, n) ^'^Tc 4.35 d T 
93 k Nb(a, 2n)''=""Tc 61.0 d 1/2" 
93| Nb(a, 2n) ^^^Tc 20.0 h 9/2' 
93|L Nb(a, 3n) ''"'"Tc 52.5 m T 
-7.01 
-14.92 
-24.85 
778 
1200 
314 
316 
778 
812 
850 
1127 
204 
582 
786 
821 
835 
1039 
766 
948 
1074 
871 
993 
1.9 
1.0 
2.4 
1.4 
99.1 
81.5 
96.9 
15.1 
66.2 
32.5 
9.0 
4.9 
28.1 
3.0 
93.0 
2.1 
4.2 
94.0 
2.2 
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93 Nb(a, 3n) ' ' ^ jc 4.88 h T 
931 Nb(a, an) ^ '^"Nb 10.14 d 2' 
931 Nb(a, an) ^'^Nb 3.2x10^ y T 
9 3 K Nb(a, 2p) '^'"Nb 3.5 d 1/2" 
-8.96 
-12.59 
449 
532 
702 
850 
871 
916 
913 
934 
204 
235 
2.6 
2.6 
99.8 
97.7 
100.0 
7.4 
1.6 
99.2 
2.4 
25.5 
'^Nb(a, 2p) ^^"'Nb 35 d 9/2" 766 99.8 
84 
Table - 5.2 
Nuclear Spectroscopic data used for the evaluation of cross-sections In 
103 Rh Target 
Reaction Half-life Spin-parity Q-value Gamma Absolute 
(T1/2) (J") (MeV) Energy lntensity(%) 
(keV) 
103 Rh(a, 2n)'°^9Ag 41.29d 1/2" 
-14.65 64 
280 
319 
331 
344 
443 
644 
1088 
11.03 
31.12 
4.58 
4.58 
42.71 
12.00 
11.89 
4.16 
103r Rh(a, 2n) '°="^ Ag 7.29 m 7/2" 319 0.16 
103 Rh(a, 3n)'°^9Tc 1.15 h 5' 
-24.49 556 
741 
759 
768 
786 
858 
863 
908 
923 
926 
941 
1265 
1342 
92.00 
7.18 
6.34 
65.78 
9.47 
10.30 
6.81 
4.41 
6.90 
12.42 
24.84 
4.20 
7.27 
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103r Rh(a, 3n) ^"'"^Ag 33.5 m T 
103 Rh(a, 4n) °^^ 9Ag 12.9 m 7/2* -33.09 
103 Rh(a, 4n) ^"'''"Ag 5.9 s 1/2" 
556 
1238 
118 
148 
244 
267 
532 
134 
60.00 
2.60 
22.02 
9.98 
6.00 
9.42 
6.18 
21.00 
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Table - 5.3 
Nuclear Spectroscopic data used for the evaluation of cross-sections in 
^^ ^Ho Target 
Reaction Half-life 
(Tl,2) 
Spin-parity Q-value Gamma 
(J^) (MeV) Energy 
(keV) 
Absolute 
lntensity(%) 
165i Ho(a, n ) ' "Tm 93.10 d 
165i 167 Ho(a, 2n) ^°Tm 9.25 d 
165L Ho(a, 3n) '""Tm 7.70 h 
165L Ho(a, 4n) ' "Tm 1.2525 d 
3(+) 
1/2' 
1/2' 
-9.5 
-16.5 
-25.4 
32.6 
184 
198 
447 
632 
720 
741 
816 
821 
830 
208 
532 
215 
705 
778 
785 
1176 
1274 
1374 
243 
296 
347 
356 
365 
460 
807 
16.1 
49.1 
21.3 
7.65 
10.79 
11.17 
45.20 
10.80 
6.06 
41.0 
1.59 
5.3 
10.4 
15.1 
9.4 
8.4 
14.4 
5.2 
35.0 
23.0 
3.9 
3.7 
3.7 
3.7 
8.3 
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data presented in Tables (5.1-5.3) have been taken from "Table of 
Radioactive Isotopes" by Browne and Firestone (111). In the calculation of 
excitation function of reactions only those gamma rays were followed 
which have quite appreciable intensity. In the tables, very weak gamma 
rays are not included whenever strong gamma rays are available for the 
same emitting nuclide. The partial decay schemes of the evaporation 
residues have been adopted from "Table of Isotopes" by Lederer and 
Shirley (112) The computer program NPSIGMA based on the formulation 
given in section (3.1) has been used to calculate the alpha induced 
reaction cross-sections at different energies. The statistical error given in 
the results is the larger one of the internal and external errors. The gamma 
ray spectroscopy software RADWARE (21) was used extensively for 
analyzing the spectrums. Details of the measurements are described 
separately for each target and for each reaction channel. 
5.1.1 Target "Nb 
In the present investigation, the natural niobium foils of thickness 
10.5mg/cm^ were used as target. The stack comprises the seven niobium 
foils sandwiched between aluminum degraders of thickness 6.75mg/cm .^ 
At the beginning end of the stack a copper foil of thickness 10.68mg/cm^ is 
also placed. The composition of the stack is shown in Fig. [5.1]. The stack 
thus formed was irradiated to 40 MeV a-beam diffused to 5 mm diameter. 
After passing through the stack of target foils the a-beam was allowed to 
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fall on the "Faraday Cup" to measure the beam current and the total 
charge collected during the Irradiation. The irradiation time for the stack 
was 3600 sec. The total incident flux on this target stack was 
6.1317 X 10^^ a-particles/sec-cm^. The cross - sections for ®^ Nb (a, n) ®®Tc, 
^^Nb (a, 2n) ^ "^^ Tc, ^^Nb (a, 2n) ^^^Tc, ^^Nb (a, 3n) ^^Tc, and 
^^Nb (a, an) ^^Nb have been measured at seven different a-particle 
energies viz., 23.39 ± 1.28 MeV, 26.10 ± 1.19 MeV, 28.62 ±1.12 MeV, 
30.97 ± 1.02 MeV, 33.71 ± 0.93 MeV, 35.29 ± 0.92 MeV and 37.35 ± 0.87 
MeV. A typical gamma ray spectrum obtained from the activation of ^^Nb 
target by 28.62 + 1.12 MeV a-particle is shown in Fig. [5.2]. 
5.1.1(a) ®^ Nb (a, n) ®^Tc Reaction Channel 
The Q-value of this reaction is -7.01 MeV. The evaporation residue 
^^Tc is formed by emission of one neutron from compound nucleus ^^Tc. 
The residual nucleus ^^Tc have two isomers, both of which are unstable. 
The ground state have half-life T1/2 = 43.5days and spin parity J" = T. 
While the meta-stable state half-life T1/2 =51.5 min and spin parity J" = 4"^ . 
The partial decay scheme of ^^Tc is given in Fig. [5.3]. 
The reaction producing the ground state isomer was studied by 
considering the 778 keV, 812 keV, 850 keV, and 1127 keV y-rays. In the 
analysis the 850 keV, photo-peak was not used at energies above the 
threshold for (a, 3n) reaction. The 778 keV gamma ray is common to both 
the isomers. However, this peak can be used in analysis after the decay of 
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meta-stable state activity. The details of parameters used in the cross-
section calculations are given in the Table (5.4). The cross-sections 
obtained with the different gamma rays are tabulated in Table (5.5). The 
weighted average cross-sections are given in Table (5.6) 
The meta-stable state of ^^Tc decays to ground state with 98% 
isomeric transition and 2% EC and (3* decay. The half-life of the meta-
stable state is much shorter than that of the ground state with decay 
through EC. Therefore, the cross-sections for the ground state producing 
reaction as obtained above is almost the total cross-section for the 
production of ®^ Tc isomers as the activities were measured after the decay 
of the meta-stable state. 
5.1.1(b) ®^ Nb (a, 2n) ^^^""^^^Tc Reaction Channel 
The evaporation of two neutrons from the compound system leads 
this reaction. The Q-value of this reaction is -14.9 MeV. The (a, 2n) 
reaction on ^^Nb produces two isomers of ^^Tc having lifetime 20.0 hrs and 
61 days. The meta-stable have spin parity 1/2" and ground state 9/2* The 
gamma rays emitted from the isomers of residual nuclei are enlisted in 
Table (5.1). The partial decay scheme of evaporation residue ^^Tc is 
shown in Fig. (5.4). It can be seen from the Table (5.1) that the 766 keV 
y-ray emitted from the ground state isomer is common with that of 
^^Nb(a, 2p) ^^^Nb reaction. Therefore, the cross-sections for the (a, 2n) 
^^^Tc reaction have been measured by considering the 948 keV and 
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Table - 5.4 
Experimental data for ^^Nb (a, n) ^^Tc Reaction 
Incident flux, [(j)] =6.1317x10^^ 
Number of Target Nuclei, [No] = 1.3337 x 10^^ 
Time of Irradiation, [ti] = 3600 sec 
Half - l i fe of the product nucleus, [T1/2] = 369792 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Partlcle ray Energy y-intenslty counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) 8, (%) (A) s. G ta (sec) ta (sec) 
23.4+1.28 812 82.2 12369 0.00096 112020 500 
1127 15.2 - 0.00081 112020 500 
26.1 + 1.20 812 82.2 5132 0.00080 111360 500 
1127 15.2 939 0.00062 111360 500 
28.6+1.12 812 82.2 4015 0.00080 109860 500 
1127 15.2 548 0.00062 109860 500 
30.9 ±1.02 812 82.2 3242 0.00080 109200 500 
1127 15.2 453 0.00062 109200 500 
33.2 + 0.93 812 82.2 2463 0.00080 110760 500 
1127 15.2 298 0.00062 110760 500 
35.3 ±0.92 812 82.2 3135 0.00080 107880 500 
1127 15.2 522 0.00062 107880 500 
37.4 ±0.87 812 82.2 2596 0.00080 107040 500 
1127 15.2 295 0.00062 107040 500 
-94 
1. 
3. 
6. 
7. 
Table - 5.5 
Cross-sections for the ^^Nb(a, n) ^^Tc Reaction 
S.No. Incident a-particle Gamma ray Cross-section 
Energy (IVIeV) Energy (keV) a (mb) 
23.39 ±1.28 
26.10+1.20 
28.62 + 1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
812 
1127 
812 
1127 
812 
1127 
812 
1127 
812 
1127 
812 
1127 
812 
1127 
70.73 ± 0.79 
29.31 ± 0.65 
34.37 ±1.65 
22.87 ± 0.56 
20.00 ± 1.42 
18.44 ±0.51 
16.52 ±1.39 
14.05 ±0.46 
10.90 ±1.28 
17.79 ±0.63 
18.89 ±1.95 
14.71 ±0.56 
10.71 ±1.63 
Table - 5.6 
Adopted values of cross-sections for the ^^Nb(a, n) ^^Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (IVIeV) 
23.39 ±1.28 
26.10 + 1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Weighted average cross-section 
a (mb) 
70.7 ±0.6 
30.0 ±1.2 
22.510.7 
18.2 ±0.5 
13.7 + 0.7 
17.4 + 0.6 
14.3 ±0.9 
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1074 keV gamma rays. The details of various parameters used to 
calculate the cross-sections for (a, 2n) ^^^Tc are tabulated in Table (5.7). 
The cross-sections obtained using 948 keV and 1074 keV gamma rays are 
given in Table (5.8). The adopted cross-sections for this reaction are given 
in Table (5.9). 
The meta-stable state of ^^Tc decays to ground state with 
95.8% EC, 0.3% p* decay and 3.9% isomeric transition. The main gamma 
rays obtained from its decay are 204 keV, 582 keV, and 835 keV. The 204 
keV gamma ray is also emitted from ^^Nb(a, 2p) ^^'"Nb reaction (Q-value = 
-12.6 MeV) with an absolute intensity of 2.4%. Another gamma ray of 235 
keV having the absolute intensity of 25.5% is also emitted from ^ '^"Nb 
isomer. The counts under photo peak of 204 keV due to ^^Nb(a, 2p) ^^ "^ Nb 
reaction can be estimated if one can measure the cross-section of this 
reaction by considering the 235 keV photo peak. However, in the present 
measurements a background photo peak of the same energy was 
obtained, hence the cross-section for ^^Nb(a, 2n) ^^'"Tc were studied 
considering the 582 keV and 835 keV gamma rays only. The detailed 
parameters used to calculate the cross-section using these gamma rays 
are presented in Table (5.10). The cross-sections thus obtained, and the 
adopted values of the cross-sections are given in Table (5.11) and Table 
(5.12). The total reaction cross-section along with ground state and meta-
stable state excitation functions and isomeric cross-section ratio (am / ag) 
for ^^Nb(a, 2n) ^^Tc are presented in Table (5.13). 
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Table -5.7 
Experimental data for ^^ Nb (a, 2n) ^^ T^c Reaction 
Incident flux, [^] = 6.1317 x 10^^ 
Number of Target Nuclei, [No] = 1.3337 x 10^^ 
Time of Irradiation, [ti] = 3600 sec 
Half -life of the product nucleus, [T1/2] = 72000 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) 6, (%) (A) s. G tj (sec) tjCsec) 
23.4 ±1.28 948 2.1 5633 0.00094 112020 500 
1074 4.2 - 0.00086 112020 500 
26.1 + 1.20 948 2.1 6678 0.00094 111360 500 
1074 4.2 12204 0.00086 111360 500 
28.6 ±1.12 948 2.1 6496 0.00094 109860 500 
1074 4.2 11851 0.00086 109860 500 
30.9 ±1.02 948 2.1 5594 0.00094 109200 500 
1074 4.2 10296 0.00086 109200 500 
33.2 ±0.93 948 2.1 3717 0.00094 110760 500 
1074 4.2 6762 0.00086 110760 500 
35.3 ±0.92 948 2.1 3866 0.00094 107880 500 
1074 4.2 7098 0.00086 107880 500 
37.4 ±0.87 948 2.1 2885 0.00094 107040 500 
1074 4.2 5267 0.00086 107040 500 
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Table - 5.8 
Cross-sections for the ®^Nb(a, 2n) ^^ T^c Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (MeV) 
23.39 ±1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Gamma ray 
Energy (keV) 
948 
1074 
948 
1074 
948 
1074 
948 
1074 
948 
1074 
948 
1074 
948 
1074 
Cross-section 
CT (mb) 
606.95 ±10.67 
714.99 ±16.70 
714.09 ±10.88 
685.53 ±16.46 
683.50 ±10.04 
586.60 ±12.37 
590.05 ±10.37 
395.67 ±10.54 
393.39 ± 09.08 
400.28 ±19.47 
399.75 ±10.81 
296.31 ± 10.07 
295.64 ±10.33 
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Table - 5.9 
Adopted values of cross-sections for the ^^Nb(a, 2n) ^^ ^Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (MeV) 
23.39 + 1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Weighted average cross-section 
a(mb) 
606.9 ±10.6 
714.4 ±9.1 
684.0 ±8.6 
588.6 ± 7.9 
394.3 ± 6.9 
399.9 ±9.4 
295.9 ±7.2 
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Table-5.10 
Experimental data for ^^ Nb (a, 2n) ^^ ""Tc Reaction 
Incident flux, [(})] =6.1317x10^^ 
Number of Target Nuclei, [No] = 1.3337 x 10^^ 
Time of Irradiation, [ti] = 3600 sec 
Half -life of the product nucleus, [T1/2] = 369792 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) e,(%) (A) s. G tj (sec) t3(sec) 
23.4 ±1.28 835 28.1 435 0.00096 112020 500 
26.1 ±1.20 835 28.1 356 0.00096 111360 500 
28.6 ±1.12 835 28.1 227 0.00096 109860 500 
30.9 ±1.02 835 28.1 381 0.00096 109200 500 
33.2 ±0.93 835 28.1 168 0.00096 110760 500 
35.3 ±0.92 835 28.1 132 0.00096 107880 500 
37.4 ±0.87 835 28.1 64 0.00096 107040 500 
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Table-5.11 
Cross-sections for the '^Nb(a, 2n) ^ '^"Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (IVIeV) 
23.39+1.28 
26.10+1.20 
28.62 + 1.12 
30.97 + 1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Gamma ray 
Energy (keV) 
835 
835 
835 
835 
835 
835 
835 
Cross-section 
a (mb) 
80.01 + 12.32 
65.48 ±12.87 
41.74 + 12.50 
70.06 ±10.30 
30.90 ±10.48 
24.15 ±15.74 
11.70 ±7.40 
Table-5.12 
Adopted values of cross-sections for the ^^Nb(a, 2n) ^ '^"Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (MeV) 
23.39 ±1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Weighted average cross-section 
CT(mb) 
80.01 ±12.32 
65.48 ±12.87 
41.74 ±12.50 
70.06 ±10.30 
30.90 ±10.48 
24.15 ±15.74 
11.70 ±7.40 
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Table-5.13 
Adopted values of cross-sections and isomeric cross-section ratio for 
the "Nb(a, 2n) ^^Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (MeV) 
23.39 ±1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Weighted average 
cross-section 
70.7 ±0.6 
30.0 ±1.2 
22.5 ±0.7 
18.2 ±0.5 
13.7 ±0.7 
17.4 ±0.6 
14.3 ±0.9 
a (mb) 
Isomeric ratio 
(ojGg) 
0.1318 
0.0917 
0.0609 
0.1189 
0.0784 
0.0605 
0.0395 
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5.1.1(c) ^^ Nb (a, 3n) *^Tc Reaction Channel 
Two isomers of ^"Tc were produced by evaporation of three 
neutrons from the composite system formed in the reaction. The ground 
state have half-life (T1/2) = 52.2 min and spin parity (J") = 2''. The Q-value 
of this reaction is - 24.85 MeV. The partial decay scheme of '^*Tc is 
depicted in Fig (5.5). The ground state isomer has four major gamma rays 
viz., 702 keV, 850 keV, 871 keV, and 916 keV. The 850 keV gamma ray is 
common with ^^^Tc, produced in the ^^Nb(a, n) ^®Tc reaction, so this 
gamma ray is not used for excitation function calculations. The 871 keV 
gamma ray is also obtained from the meta-stable state of ^""^Tc. However 
this 871 keV gamma ray has also been used in the analysis of the ground 
state producing reaction by counting the activities after several half-lives of 
the meta-stable state. The experimental data used in the calculation of the 
reaction cross-sections are given in Table (5.14). The cross-sections of 
^='Nb(a, 3n) '^*^ Tc reaction have been calculated considering the 702 keV, 
871 keV and 916 keV gamma rays. The cross-sections obtained for the 
reaction using these gamma rays are given in Table (5.15), while the 
adopted values at seven different projectile energies are tabulated in 
Table (5.16). 
5.1.1(d) ^^ Nb (a, an) "Nb Reaction Channel 
The Q-value of this reaction is - 8.8 MeV. The (a, an) reaction 
on ^^Nb produces two isomers of ^^Nb. The half-life of the ground state is 
-104-
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Table-5.14 
Experimental data for ^^ Nb (a, 3n) '^*Tc Reaction 
Incident flux, [(t)] =6.1317x10^^ 
Number of Target Nuclei, [No] = 1.3337 x 10^^ 
Time of Irradiation, [ti] = 3600 sec 
Half-life of the product nucleus, [T1/2] = 17580 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) 0,(%) (A) s. G tj (sec) tsCsec) 
23.4 + 1.28 
26.1 + 1.20 
28.6+1.12 
30.9+1.02 
33.2 + 0.93 
702 
871 
916 
702 
871 
916 
702 
871 
916 
702 
871 
916 
702 
871 
916 
99.8 
100.0 
7.4 
99.8 
100.0 
7.4 
99.8 
100.0 
7.4 
99.8.2 
100.0 
7.4 
99.8 
100.0 
7.4 
989 
1151 
4165 
3957 
253 
18760 
16148 
979 
32858 
28586 
1850 
0.00108 
0.00094 
0.00090 
0.00108 
0.00094 
0.00090 
0.00108 
0.00094 
0.00090 
0.00108 
0.00094 
0.00090 
0.00108 
0.00094 
0.00090 
112020 
112020 
112020 
111360 
111360 
111360 
109860 
109860 
109860 
109200 
109200 
109200 
110760 
110760 
110760 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
500 
106 
35.3 + 0.92 
37.4 ± 0.87 
702 
871 
916 
702 
871 
916 
99.8 
100.0 
7.4 
99.8 
100.0 
7.4 
69857 
60994 
4308 
99722 
81068 
5512 
0.00108 
0.00094 
0.00090 
0.00108 
0.00094 
0.00090 
107880 
107880 
107880 
107040 
107040 
107040 
500 
500 
500 
500 
500 
500 
Table-5.15 
Cross-sections for the ^^ Nb(a, 3n) "^TC Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
Incident a-particle 
Energy (MeV) 
23.39 ±1.28 
26.10+1.20 
28.62 + 1.12 
30.97 ±1.02 
33.17 + 0.93 
35.29 ± 0.92 
Gamma ray 
Energy (keV) 
871 
871 
703 
871 
916 
703 
871 
916 
703 
871 
916 
703 
871 
916 
Cross-section 
CT(mb) 
24.23+1.79 
18.53 + 1.24 
55.11 ±1.61 
60.03 + 1.49 
54.17± 11.13 
241.84 ±2.28 
238.69 ±2.16 
204.25 ±12.94 
450.45 ± 2.96 
449.35 ± 2.88 
410.44 ± 14.64 
850.86 ± 4.25 
855.88 ± 4.36 
849.19 ±20.70 
-107-
37.35 ±0.87 703 1180.62 ±4.30 
871 1100.51 ±4.36 
916 1056.10 + 20.50 
Table-5.16 
Adopted values of cross-sections for the ^^Nb(a, 3n) ^^"'Tc Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-partlcle 
Energy (MeV) 
23.39 ±1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ±0.87 
Weighted average cross-section 
a (mb) 
24.2 ±1.3 
18.5 ±0.9 
57.7 ±1.1 
239.7 ±1.9 
449.1 ±2.2 
853.2 ± 3.0 
1139.3 + 16.5 
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3.2x10^ years with spin parity 2*. The same residual nuclei are also 
produced by (a, 2p3n) reaction. The Q-value for this reaction is 37.1 MeV. 
Below the threshold for ^^Nb(a, 2p3n) ^^ Nb reaction i.e., (38.7 MeV) the 
experimental cross-sections are solely for the (a, an) reaction. The ground 
state activity is negligible because of its long life. The meta-stable state 
decays to its ground state with 99.94 % EC and 0.06% p* decay. The 
partial decay scheme of ^^ Nb is shown in Fig. (5.6). The meta-stable state 
has an intense gamma ray of 934 keV. The cross-sections for the 
^^Nb(a, an) ^^ ""Nb reaction have been measured using the 934 keV 
gamma ray. The values of experimental data, used to calculate the 
activation cross-section for this reaction are given in Table (5.17). The 
cross-sections thus obtained are presented in Table (5.18), while adopted 
values are given in Table (5.19) 
5.1.2. Target ^ °^ Rh 
Natural specpure Rhodium has been used for the preparation of 
target foils in the present work. The stack was composed of six Rhodium 
foils of thickness 1.20 mg/cm^ sandwiched between aluminum degraders 
of thickness 20.387 mg/cm^ and 6.75mg/cm .^ The composition of the stack 
is shown in Fig. (5.7). The target stack was irradiated with 50 MeV diffused 
a-beam of diameter 8 mm. The irradiation of the stack was done for 60 
min. The beam current and total charge collected during irradiation 
was monitored with the help of the Faraday cup as described in the case 
-109-
Table-5.17 
Experimental data for ^^ Nb (a, a n) ^^ Nb Reaction 
Incident flux, [^] = 6.1317 x 10^^ 
Number of Target Nuclei, [No] = 1.3337 x 10^^ 
Time of Irradiation, [ti] = 3600 sec 
Half -life of the product nucleus, [T1/2] = 876096 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intenslty counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) e,(%) (A) s. G tzisec) tsCsec) 
23.4 ±1.28 934 99.2 380 0.00080 112020 500 
26.1 ±1.20 934 99.2 587 0.00080 111360 500 
28.6 ±1.12 934 99.2 824 0.00080 109860 500 
30.9 ±1.02 934 99.2 1010 0.00080 109200 500 
33.2 ± 0.93 934 99.2 1213 0.00080 110760 500 
35.3 ± 0.92 934 99.2 1539 0.00080 107880 500 
37.4 ± 0.87 934 99.2 1227 0.00080 107040 500 
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Table-5.18 
Cross-sections for the '^Nb(a, an) ^^Nb Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
Incident a-particle 
Energy (IVIeV) 
23.39 ±1.28 
26.10+1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
Gamma ray 
Energy (keV) 
934 
934 
934 
934 
934 
934 
934 
Cross-section 
a (mb) 
4.52 ± 0.65 
6.99 ± 0.68 
9.79 ±0.71 
12.00 ±0.67 
14.43 ± 0.65 
18.26 ±1.01 
14.55 ±0.85 
' 
Table-5.19 
Adopted values of cross-sections for the ^^Nb(a, an) ^^Nb Reaction 
S.No. Incident a-particle Weighted average cross-section 
Energy (MeV) a (mb) 
4.5 ± 0.65 
6.9 ±0.68 
9.8 ±0.71 
11.9 ±0.67 
14.4 ±0.65 
18.3±1.0 
14.6 ±0.85 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
23.39 ±1.28 
26.10 ±1.20 
28.62 ±1.12 
30.97 ±1.02 
33.17 ±0.93 
35.29 ± 0.92 
37.35 ± 0.87 
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of Niobium target. The gamma activities induced in each foil was 
measured by keeping the foils one by one in desired geometry. The cross-
sections for ''°^Rh(a, x n) x =2-4, reactions have been measured at five 
different incident a-particle energies viz., 31.5 ± 0.77 MeV, 35.7 + 0.74 
MeV, 39.6 ± 0.69 MeV, 46.6 + 0.77 MeV and 49.9 ± 0.77 MeV. A typical 
gamma ray spectrum obtained from the activation of the rhodium target foil 
at 46.6 ± 0.77 MeV is shown in Fig. (5.8). 
5.1.1(a) ^°^Rh(a, 2n) °^^ Ag Reaction channel 
This reaction channel produces two isomers of °^^ Ag. The ground 
state has half-life 41.3 days with spin parity 1/2 " and meta-stable state has 
half-life 72 min and spin parity 7/2 .^ The meta-stable state decays to its 
ground state by 99.7 % isomeric transition and 0.3 % EC-decay, while the 
ground state through EC (99+ %) and p^  (9 x lO'"* %) decay. The partial 
decay scheme of Ag^°^ is shown in Fig. (5.9). 
The Q-value of this reaction is -14.65 MeV. The characteristic 
gamma rays of the evaporation residue Ag °^^  are given in Table (5.2). To 
study this reaction we have followed the gamma rays of energy 280 keV, 
344 keV and 443 keV. The meta-stable state was allowed to decay to 
the ground state for enough time, (about fifteen half-lives of isomeric state) 
so that the total cross-section could have been measured. The 
experimental data used for calculation of excitation functions are given in 
Table (5.20). The cross-section thus obtained using three gamma rays are 
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Table - 5.20 
Experimental data for ^"Rh (a, 2n) °^^ Ag Reaction 
Incident flux, ^ 
Number of Target Nuclei, No 
Time of Irradiation 
Half -life of the product nucleus 
= 8.1624 X 10^^  
= 1.423x10^^ 
= 3600 sec 
= 3567456 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
Ea(MeV) E,(keV) e,(%) (A) 8.G tz (sec) tsCsec) 
31.5 ±0.77 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 + 0.58 
280 
344 
443 
280 
344 
443 
280 
344 
443 
280 
344 
443 
280 
344 
443 
31.1 
42.7 
12.0 
31.1 
42.7 
12.0 
31.1 
42.7 
12.0 
31.1 
42.7 
12.0 
31.1 
42.7 
12.0 
110 
123 
29 
82 
91 
21 
49 
55 
13 
21 
24 
6 
18 
20 
5 
0.00760 
0.00620 
0.00490 
0.00760 
0.00620 
0.00490 
0.00760 
0.00620 
0.00490 
0.00760 
0.00620 
0.00490 
0.00760 
0.00620 
0.00490 
97920 
97920 
97920 
97630 
97630 
97630 
97320 
97320 
97320 
96720 
96720 
96720 
96360 
96360 
96360 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
100 
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presented in Table (5.21). The adopted values of cross-sections are given 
in Table (5.22). 
6.1.2(b) ^°^Rh(a, 3n) °^*Ag Reaction channel 
The threshold energy of this reaction is 25.66 MeV. The 
evaporation of 3 neutrons from the composite nuclear system forms two 
isomers of ^°'*Ag. The meta-stable state having half-life 33 min, spin parity 
2* decays to its ground state by 33% isomeric transition and 67 % by EC 
and p* decay. The gamma ray energies of 556 keV, 741 keV, 759 keV, 
768 keV, 786 keV, 858 keV, 863 keV, 908 keV, 926 keV, 941 keV, 
1265 keV and 1342 keV have been used to calculated the activation 
cross-section for this reaction. The partial decay scheme of the produced 
evaporation residue is shown in Fig. (5.10). The parameters used for 
calculation of cross-sections are tabulated in Table (5.23). The reaction 
cross-section thus obtained using 12 y-ray energies are tabulated in Table 
(5.24) The adopted weighted average cross-section for (a, 3n) reaction are 
given in Table (5.25). 
5.1.2(c) ^"Rh(a, 4n) °^^ Ag Reaction channel 
The partial decay scheme of the evaporation residue Ag^°^ is shown 
in Fig. (5.11). To study this reaction the gamma rays of 118 keV, 148 keV, 
244 keV, 267 keV and 532 keV were used. The Q-value of this reaction 
is -33.09 MeV. The necessary data used to evaluate the cross-section is 
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Table -5.21 
Cross-sections for the ^"Rh (a, 2n) °^^ Ag Reaction 
S.No. 
1 
2. 
3. 
4. 
5. 
Incident a-partlcle 
Energy (MeV) 
31.5 + 0.77 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 ± 0.58 
Gamma ray 
Energy (keV) 
280 
344 
443 
280 
344 
443 
280 
344 
443 
280 
344 
443 
280 
344 
443 
Cross-section 
a(mb) 
584.87 ± 37.22 
583.07 ± 28.44 
619.82 + 85.49 
435.97 ± 47.85 
431.35 ±33.18 
448.81 ± 42.74 
260.50 + 26.58 
260.69 ±33.18 
277.82 ±64.11 
111.63 ±37.21 
113.74 ±28.44 
128.21 ±64.10 
95.68 ±31.89 
94.78 ±18.96 
106.83 ±42.73 
119 
Table - 5.22 
Adopted values of cross-sections for the °^^ Rh ( a, 2n) °^^ Ag Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident a-particle 
Energy (MeV) 
31.5 ±0.77 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 ± 0.58 
Weighted average cross-section 
a (mb) 
586.09 ±21.85 
437.47 ± 22.98 
262.21 ± 19.74 
114.64 ±21.31 
96.51 ±15.23 
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Table - 5.23 
Experimental data for °^^ Rh (a, 3n) °^^ Ag Reaction 
Incident flux, [^] 
Number of Target Nuclei, [No] 
Time of Irradiation, [ti] 
Half-life of the product nucleus, [T1/2] 
= 8.1624 X 10^^ 
= 1.423x10^^ 
= 3600 sec 
= 4140 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(IVIeV) E,{keV) e,(%) (A) s. G ta (sec) t3(sec) 
31.5 ±0.77 556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
35.7 ± 0.77 556 
741 
759 
768 
786 
858 
863 
908 
92.0 
7.1 
6.4 
65.8 
9.5 
10.3 
6.8 
4.4 
12.4 
24.8 
4.2 
7.3 
92.0 
7.1 
6.4 
65.8 
9.5 
10.3 
6.8 
4.4 
20084 
1166 
884 
9566 
1332 
1433 
866 
612 
1391 
2991 
481 
745 
26118 
1482 
1228 
12974 
1978 
2060 
1355 
826 
0.00080 
0.00062 
0.00061 
0.00060 
0.00059 
0.00056 
0.00055 
0.00052 
0.00052 
0.00051 
0.00040 
0.00038 
0.00080 
0.00062 
0.00061 
0.00060 
0.00059 
0.00056 
0.00055 
0.00052 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7920 
7380 
7380 
7380 
7380 
7380 
7380 
7380 
7380 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
122 
926 
941 
1265 
1342 
39.6 ± 0.77 556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
46.6 ± 0.77 556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
49.9 ± 0.77 556 
741 
759 
768 
12.4 
24.8 
4.2 
7.3 
92.0 
7.1 
6.4 
65.8 
9.5 
10.3 
6.8 
4.4 
12.4 
24.8 
4.2 
7.3 
92.0 
7.1 
6.4 
65.8 
9.5 
10.3 
6.8 
4.4 
12.4 
24.8 
4.2 
7.3 
92.0 
7.1 
6.4 
65.8 
2048 
4170 
716 
992 
26151 
1622 
1205 
14669 
2008 
2026 
1096 
683 
2097 
3872 
660 
879 
24773 
1471 
1417 
13474 
2047 
1835 
1518 
784 
2081 
4252 
484 
999 
18256 
1485 
995 
9498 
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0.00052 
0.00051 
0.00040 
0.00038 
0.00080 
0.00062 
0.00061 
0.00060 
0.00059 
0.00056 
0.00055 
0.00052 
0.00052 
0.00051 
0.00040 
0.00038 
0.00080 
0.00062 
0.00061 
0.00060 
0.00059 
0.00056 
0.00055 
0.00052 
0.00052 
0.00051 
0.00040 
0.00038 
0.00080 
0.00062 
0.00061 
0.00060 
7380 
7380 
7380 
7380 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
6840 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
4380 
5400 
5400 
5400 
5400 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
786 
858 
863 
908 
926 
941 
1265 
1342 
9.5 
10.3 
6.8 
4.4 
12.4 
24.8 
4.2 
7.3 
1365 
1302 
903 
555 
1527 
3028 
379 
612 
0.00059 
0.00056 
0.00055 
0.00052 
0.00052 
0.00051 
0.00040 
0.00038 
5400 
5400 
5400 
5400 
5400 
5400 
5400 
5400 
300 
300 
300 
300 
300 
300 
300 
300 
Table - 5.24 
Cross-sections for the °^^ Rh (a, 3n) °^*Ag Reaction 
S.No. Incident a-particle Gamma ray Cross-section 
Energy (MeV) Energy (keV) a (mb) 
31.5 + 0.77 
35.7 ± 0.74 
556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
556 
741 
759 
668.72 ± 7.36 
649.11+38.97 
554.90 ± 38.29 
597.41 ± 17.05 
582.37 ± 37.60 
608.82 + 24.64 
602.90 + 30.63 
655.49 + 54.62 
528.66 ±28.12 
579.52 ±17.05 
701.63 ±56.89 
658.14 ±38.87 
794.47 ±11.38 
753.72 ± 75.78 
704.21 ± 57.35 
124 
39.6 ± 0.69 
46.6 ± 0.57 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
740.22 + 22.02 
790.07 ± 42.74 
799.57 + 27.17 
861.81 ±35.62 
808.24 ± 63.60 
711.08 ±33.68 
738.12 ±23.01 
954.15 ±62.63 
800.61 ± 42.77 
726.72 ±15.56 
753.63 ±107.33 
631.30 ±40.86 
764.59 ± 24.71 
732.73 ± 38.68 
718.41 ±28.37 
636.83 ± 39.51 
610.55 ±57.21 
665.17 ±32.04 
626.14 ±22.96 
803.51 ± 56.00 
648.10 ±48.66 
456.06 ± 32.33 
452.78 ± 25.86 
491.79 ±29.50 
465.25 ± 6.28 
494.84 ± 26.59 
431.06 ±18.32 
584.32 ± 30.02 
464.28 ± 39.68 
437.29 ±51.27 
455.51 ± 35.24 
125 
5. 49.9 ± 0.58 
1265 
1342 
556 
741 
759 
768 
786 
858 
863 
908 
926 
941 
1265 
1342 
390.35 + 36.29 
487.96 + 26.86 
398.66 ± 4.94 
542.19 ±29.21 
409.63 ± 30.05 
389.02 ±6.18 
391.41 ±25.81 
362.79 ±16.16 
388.05 ± 20.63 
389.86 ±42.15 
380.62 ±21.44 
384.78± 11.69 
362.58 ± 38.27 
354.58 ± 24.91 
Table - 5.25 
Adopted values of cross-sections for the ^°^Rh ( a, 3n) ^°*Ag Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident a-particle 
Energy (MeV) 
31.5 ±0.77 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 ± 0.58 
Weighted average cross-section 
a(mb) 
635.04 ± 5.43 
781.28 ±7.72 
699.51 ± 8.79 
466.05 ±5.10 
393.23 ± 3.34 
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presented in Table (5.26). The measured cross-section using number of 
gamma rays are given in Table (5.27). The adopted values of excitation 
functions thus obtained at three projectile energies are given in Table 
(5.28). 
5.1.3 Target ^ ®^ Ho 
The Holmium targets of thickness 10.5 mg/cm^ were made by 
rolling at the target laboratory of Variable Energy Cyclotron Center (VECC) 
Kolkata - INDIA. The targets thus formed were arranged into the form of a 
stack. The aluminum degrader foils of different thickness and a copper foil 
of thickness 10.68mg/cm^ were inserted in between the target foils. The 
stack arrangement is shown in Fig. [5.12]. The stack was irradiated with 
the diffused a-beam of energy 50 MeV for the duration of 45 minutes. The 
size of the beam was 8-mm. The incident energy in the target foils in stack 
is 31.7 ± 0.9 MeV, 36.6 + 0.9 MeV, 41.1 ± 0.8 MeV, 45.4 ± 0.8 MeV, and 
49.6 ± 0.7 MeV. In this present case the excitation functions for 
^^^Ho(a, 2n) ^^^Tm, ^^^Ho(a, 3n) ^^ T^m and ^^^Ho(a, 4n) ^^ T^m have been 
measured. The gamma ray spectrum of activated Holmium at projectile 
energy 41.1 ± 0.8 MeV is shown in Fig. [5.13]. 
5.1.3(a) ^^^Ho(a, 2n) ®^^ Tm Reaction channel 
The product nucleus of this reaction is ^^^Tm, which have no meta-
stable state. The half - life of the ground state is 9.25 days with spin parity 
-128-
Table - 5.26 
103 103i Experimental data for '"•'Rh (a, 4n) '"""Ag Reaction 
Incident flux, [^] 
Number of Target Nuclei, [No] 
Time of Irradiation, [ti] 
Half -life of the product nucleus, [T1/2] 
= 8.1624x10" 
= 1.423x10^^ 
= 3600 sec 
= 3942 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) e,(%) (A) e. G tj (sec) t3(sec) 
35.7 ± 0.77 
39.6 ± 0.77 
46.6 ± 0.77 
49.9 ±0.77 
118 
148 
118 
148 
244 
267 
118 
148 
244 
267 
118 
148 
244 
267 
22.0 
19.9 
22.0 
19.9 
6.0 
9.4 
22.0 
19.9 
6.0 
9.4 
22.0 
19.9 
6.0 
9.4 
540 
413 
5351 
3975 
978 
1378 
17580 
14216 
3127 
4691 
17962 
14328 
3128 
4565 
0.00080 
0.00062 
0.00080 
0.00062 
0.00061 
0.00060 
0.00080 
0.00062 
0.00061 
0.00060 
0.00080 
0.00062 
0.00061 
0.00060 
7380 
7380 
6840 
6840 
6840 
6840 
4380 
4380 
4380 
4380 
5400 
5400 
5400 
5400 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
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Table - 5.27 
Cross-sections for the ^°'Rh (a, 4n) °^^ Ag Reaction 
S.No. 
1. 
2. 
3. 
4. 
incident a-particle 
Energy (IMeV) 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 ± 0.58 
Gamma ray 
Energy {keW) 
118 
148 
118 
148 
244 
267 
118 
148 
244 
267 
118 
148 
244 
267 
Cross-section 
a(mb) 
22.42 ± 7.35 
21.33 + 6.87 
202.07 ± 5.36 
186.69 ±27.52 
210.65 ±26.06 
201.92 ±25.94 
430.80 ± 5.34 
433.26 ±23.19 
437.06 ±19.29 
446.04 ±13.98 
526.60 ± 9.65 
522.44 ± 25.01 
532.76 ± 24.75 
519.30 ±18.43 
Table - 5.28 
Adopted values of cross-sections for tlie °^^ RIi ( a, 4n) ^°'Ag Reaction 
S.No. 
1. 
2. 
3. 
4. 
Incident a-particte 
Energy (IMeV) 
35.7 ± 0.74 
39.6 ± 0.69 
46.60 ± 0.57 
49.90 ± 0.58 
Weiglited average cross-section 
a{mb) 
21.84 ±5.02 
201.87 ±5.06 
600.68 ± 6.46 
525.53 ± 7.69 
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J" =1/2'". The relevant portion of the decay scheme for the product nucleus 
is shown in Fig. [5.14]. The ground state of ^^ T^m decays to the levels of 
^^ E^r through electron-capture (EC). In the decay, the product nucleus 
under study emits various gamma rays but most of them are of negligible 
intensity so these could not be observed in our experimental spectra. The 
only gamma ray of energy 208 keV with intensity 41.0 % could be 
observed. So the reaction cross-sections for this reaction channel are 
calculated by following this gamma ray only. The Q-value of this reaction is 
-16.5 MeV. 
The various parameters used in the calculation of reaction cross-
section are given in Table (5.29). The experimentally measured reaction 
cross-sections at five different incident a-particle energies are given in 
Table (5.30). The adopted value of cross-sections given in Table (5.31). 
5.1.3(b) ^®^Ho(a, 3n) ®^^ Tm Reaction channel 
The Q-value of this reaction is -25.4 MeV. In this reaction the 
product nucleus ^^ T^m have half-life 7.70 hrs. and spin parity 2''.The 
simplified partial decay scheme of ^^ T^m is shown in Fig [5.15]. The 
ground state of ^^ T^m decays to the levels of ^^ E^r through the electron-
capture (EC) and p"" emission. The percentage of decay through electron-
capture is 98 % and that of through p"" emission is 2 % only. 
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Table - 5.29 
Experimental data for ^^^Ho(a, 2 n) ^^ T^m Reaction 
Incident flux, [^] 
Number of Target Nuclei, [No] 
Time of Irradiation, [ti] 
Half -life of the product nucleus, [T1/2] 
=9.5698 X 10^^  
= 1.9245x10^^ 
= 2700 sec 
= 108216 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) e,(%) (A) s. G tz (sec) taCsec) 
31.7 ±0.9 
36.6 ±0.9 
41.1 ±0.8 
45.4 ±0.8 
49.6 ± 0.7 
208 
208 
208 
208 
208 
41.0 
41.0 
41.0 
41.0 
41.0 
18676 
14846 
10660 
6944 
6858 
0.00184 
0.00184 
0.00184 
0.00184 
0.00184 
4740 
6360 
3780 
3180 
1740 
300 
300 
300 
300 
301 
Table - 5.30 
165 167n Cross-sections for the '""HoCa, 2 n) " 'Tm Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident a-particle 
Energy (MeV) 
31.7 ±0.9 
36.6 ± 0.9 
41.1 ±0.8 
45.4 ± 0.8 
49.6 ±0.7 
Gamma ray 
Energy (keV) 
208 
208 
208 
208 
208 
Cross-section 
CT (mb) 
271.12 ±5.34 
217.77 ±5.06 
153.81 ±6.29 
99.81 ±4.30 
97.34 ± 3.53 
135 
Table - 5.31 
Adopted values of cross-sections for the ^^^Ho(a, 2 n) ®^^ Tm Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident a-particle 
Energy (MeV) 
31.7 ±0.9 
36.6 ±0.9 
41.1 ±0.8 
45.4 + 0.8 
49.6 + 0.7 
Weighted average cross-section 
a (mb) 
271.12 ±5.34 
217.77 ±5.06 
153.81 ±6.29 
99.81 ±4.30 
97.34 ± 3.53 
-136 
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The experimental parameters used in the calculation of cross-
sections are arranged in Table (5.32). The cross-sections thus obtained 
considering the gamma rays of 205 keV, 705 keV, 778 keV, 785 keV, 1176 
keV, 1275 keV and 1374 keV are tabulated in Table (5.33). The adopted 
values of cross-sections at different projectile energies are given in Table 
(5.34). 
5.1.3(c) ^^^Ho(a, 4n) ®^^ Tm Reaction channel 
The Q- value of this reaction is -32.6 MeV. The residual nucleus of 
this reaction ^^ T^m has half-life 30.06 hrs. with spin parity 1/2 *. The 
ground state of the product nucleus decays to the levels of ^^ E^r through 
electron-capture (99 + %) and p* emission (00.07 %). The partial decay 
scheme of ^^ T^m is shown in Fig [5.16]. The experimental data used to 
calculate the reaction cross-section for this reaction are tabulated in 
Table (5.35). The cross - sections thus obtained using various 
characteristic gamma rays of ^^ T^m are given in Table (5.36). The 
weighted average cross-sections are presented in Table (5.37). 
5.2 Measurement of excitation functions 
for Heavy ion induced Reactions: 
In order to study the complete and incomplete fusion reaction 
mechanism by measuring the cross-sections, the excitation functions of 
nuclei produced in ^^ C induced reactions on a ^^ Co target have been 
measured using conventional activation technique. The projectile energy 
-138-
Table - 5.32 
Experimental data for ^^^Ho(a, 3n) ^^ T^m Reaction 
Incident flux, [^] 
Number of Target Nuclei, [No] 
Time of Irradiation, [ti] 
Half-life of the product nucleus, [T1/2] 
=9.5698 X 10^^  
= 1.9245 X 10^^ 
= 2700 sec 
= 27720 sec 
incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
E„(MeV) E,(keV) e,(%) (A) e. G tj (sec) tsisec) 
31.7 ±0.9 
36.6 + 0.9 
41.1 ±0.8 
45.4 ± 0.8 
705 
1176 
1275 
1374 
2052 
705 
778 
1176 
1275 
1374 
778 
1176 
1275 
2052 
215 
705 
785 
1176 
1275 
10.5 
08.4 
14.4 
05.2 
20.0 
10.5 
15.1 
08.4 
14.4 
05.2 
15.1 
08.4 
14.4 
20.0 
05.3 
10.5 
09.4 
08.4 
14.4 
5645 
3282 
5316 
1873 
5757 
14247 
26933 
8194 
13372 
4723 
16508 
5014 
8186 
8787 
9264 
5912 
4861 
3418 
5688 
0.00059 
0.00043 
0.00040 
0.00041 
0.00032 
0.00059 
0.00054 
0.00043 
0.00041 
0.00032 
0.00054 
0.00043 
0.00041 
0.00032 
0.00180 
0.00059 
0.00054 
0.00043 
0.00041 
4740 
4740 
4740 
4740 
4740 
6360 
6360 
6360 
6360 
6360 
3780 
3780 
3780 
3780 
3180 
3180 
3180 
3180 
3180 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
300 
139 
49.6 ±0.7 
1374 
2052 
215 
705 
785 
1176 
1275 
1374 
2052 
05.2 
20.0 
05.3 
10.5 
09.4 
08.4 
14.4 
05.2 
20.0 
1920 
6008 
8532 
5372 
4461 
3109 
5125 
1802 
5387 
0.00040 
0.00032 
0.00180 
0.00059 
0.00054 
0.00043 
0.00041 
0.00040 
0.00032 
3180 
3180 
1740 
1740 
1740 
1740 
1740 
1740 
1740 
300 
300 
301 
301 
301 
301 
301 
301 
301 
Table - 5.33 
Cross-sections for the ^^ ^Ho(a, 3 n) ^^ T^m Reaction 
S.No. 
1. 
2. 
Incident a-particle 
Energy (IVIeV) 
31.7 ±0.9 
36.6 ± 0.9 
Gamma ray 
Energy (keV) 
705 
1176 
1275 
1374 
2052 
705 
778 
1176 
1275 
1374 
Cross-section 
CT(mb) 
287.03 ± 8.54 
286.22 ± 9.94 
283.63 ±7.15 
283.65 ±13.63 
283.35 ± 4.87 
754.36 ± 9.69 
1083.45 ±4.38 
744.12 ±10.35 
742.93 ± 8.22 
744.82 ±14.19 
-140 
41.1 ±0.8 
45.4 + 0.8 
49.6 ± 0.7 
778 
1176 
1275 
2052 
215 
705 
785 
1176 
1275 
1374 
2052 
215 
705 
785 
1176 
1275 
1374 
2052 
622.60 ± 6.49 
426.89 + 10.56 
426.39 ±7.14 
422.22 ± 5.05 
294.18 ±8032 
289.11 ±7.68 
290.12 ±7.82 
286.68 ± 7.63 
291.87 ±4.93 
279.64 ± 9.03 
284.39 ±3.17 
260.49 ± 9.46 
252.57 ± 6.49 
255.98 ±7.17 
250.71 ± 5.89 
252.84 ± 3.95 
252.34 ±7.14 
245.17 ±3.23 
Table - 5.34 
Adopted values of cross-sections for the ^^ ^Ho(a, 3n) ^^ T^m Reaction 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident a-particle 
Energy (MeV) 
31.7 ±0.9 
36.6 ± 0.9 
41.1 ±0.8 
45.4 ± 0.8 
49.6 ±0.7 
Weighted average cross-section 
a (mb) 
284.94 ± 3.3 
937.52 ± 3.3 
475.53 ± 3.3 
287.17 ±2.14 
250.31 ±1.95 
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Table - 5.35 
Experimental data for ^^^Ho(a, 4n) ^^ T^m Reaction 
Incident flux, [^] =9.5698 x 10" 
Number of Target Nuclei, [No] = 1.9245 x 10^^ 
Time of Irradiation, [ti] = 2700 sec 
Half-life of the product nucleus, [T1/2] = 108216 sec 
Incident Gamma Absolute Photo-peak Geometry Time Recording 
a-Particle ray Energy y-intensity counts dependent lapse time 
Energy efficiency 
Ea(MeV) E,(MeV) 6, (%) (A) e. G tz (sec) t3(sec) 
41.1 ±0.8 
45.4 ± 0.8 
49.6 ± 0.7 
243 
296 
243 
296 
807 
243 
296 
807 
35.0 
24.8 
35.0 
24.8 
08.5 
35.0 
24.8 
08.5 
16508 
5014 
9264 
5912 
4861 
8532 
5372 
4461 
0.00163 
0.00137 
0.00163 
0.00137 
0.00053 
0.00163 
0.00137 
0.00053 
3780 
3780 
3180 
3180 
3180 
1740 
1740 
1740 
300 
300 
300 
300 
300 
301 
301 
301 
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Table - 5.36 
Cross-sections for the ^^^Ho(a, 4n) ^^ T^m Reaction 
S.No. Incident a-particle Gamma ray 
Energy (MeV) Energy (keV) 
Cross-section 
a (mb) 
41.1 ±0.8 
45.4 + 0.8 
49.6 + 0.7 
243 
296 
243 
296 
807 
243 
296 
807 
447.37 ± 3.78 
445.85 + 4.23 
1246.40 + 3.90 
1248.08 ±4.21 
1247.96 ±10.11 
960.90 ± 4.04 
958.27 ± 3.31 
959.54 ± 7.61 
Table - 5.37 
Adopted values of cross-sections for the ^®®Ho(a, 4n) ®^®Tm Reaction 
S.No. Incident a-particle 
Energy (MeV) 
Weighted average cross-section 
g (mb) 
1. 
2. 
3. 
41.1 ±0.8 
45.4 ± 0.8 
49.6 ± 0.7 
446.69 ± 2.82 
1247.13 ±2.75 
959.35 ± 2.42 
144 
was 60 MeV to 80 MeV. The experiments were performed at the NSC 
(15UD Pelletron) Medium Energy Heavy ion Accelerator facility in New 
Delhi. Individual targets of thickness 350 |ag/cm^ on 2 mg/cm^aluminum 
backing were irradiated at five incident projectile energies viz. 60, 65, 70, 
75, and 80 MeV. The gamma activities induced in the target catcher 
assembly after irradiation was collected using "Freedom" NSC built data 
acquisition system. Several spectrums were recorded for more than one 
weak. A typical gamma ray spectrum obtained at projectile energy 80 MeV 
and 65 MeV are shown in Fig. [5.17]. The cross sections for various 
possible reactions were measured using the number of spectrums and 
number of gamma rays of a particular evaporation residue. Here we are 
not giving the experimental data used for the excitation function 
calculations as in the case of alpha particle induced reactions. The values 
reported in the following section are the average value of the weighted 
average cross section values, obtained from the spectrums taken for 
different time durations and at different intervals of time lapse. The 
possible reaction channels studied for ^^ C + ^^ Co system along with 
evaporation residues, spin/parities, and characteristic gamma rays with 
their absolute intensities are given in Table (5.38). The computer program 
NPSIGMA based on the formulation given in section (3.1) was used to 
calculate the cross sections at different projectile energies. The 
NSC developed software Freedom was used for analyzing the 
gamma ray spectrums using OFFLINE option. The relevant 
experimental details for the measurement of excitation functions 
-145-
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Table -5.38 
Nuclear Spectroscopic data used for the evaluation of cross-sections in 
^^ Co Target 
Reaction Half-life Spin-parity Gamma Absolute 
(Ti,2) (J'') Energy lntensity(%) 
(keV) 
^^Co(C,p3n) ^^ Ge 18.7 m (1/2)-
59^«/r^ n^n^x 67, Co(C, 2p2n) ^'Ga 3.261 d 3/2 -
59/^«/0 ~ n \ 66 Co(C, an) ^^ Ga 9.49 h 0+ 
'Co(C, a2n) ®^ Ga 15.2 m 3/2-
167.05 
359.43 
728.73 
828.36 
911.27 
914.65 
981.56 
1081.70 
1472.94 
91.27 
93.31 
184.58 
208.95 
300.22 
393.53 
833.58 
1039.35 
61.22 
115.15 
153.07 
207.0 
751.89 
768.89 
932.36 
84.0 
1.47 
2.35 
2.99 
3.1 
3.0 
1.13 
1.03 
4.9 
2.95 
37.0 
20.4 
2.33 
16.6 
4.65 
6.03 
37.9 
11.6 
55.0 
9.0 
2.58 
8.2 
1.29 
1.89 
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^^Co(C, ap3n) "Zn 38.1 m 3/2-
59, Co(C, 2a2n) "'Cu 3.41 h 3/2 
669.76 
962.17 
67.42 
282.96 
373.06 
588.60 
656.01 
908.63 
185.24 
8.4 
6.6 
3.94 
12.5 
2.15 
1.20 
10.66 
1.21 
3.69 
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are tabulated in Table (5.39). Each reaction channel is described 
separately in the following section. 
5.2.1 ^^Co(C, p3n) ^^ Ge Reaction 
The evaporation residue ^^ Ge is formed by the complete fusion of 
^^ C with ^^ Co followed by evaporation of one proton and two neutrons. The 
partial decay scheme of '^'Ge is given in Fig. [5.18]. The residual nucleus 
^^ Ge decays to the levels of ^^ Ga by 96% p* emission and 4% through 
electron capture (EC). The half-life of the product nucleus is 19 min. with 
spin parity (1/2)-. The adopted values of the cross-sections for this 
reaction are presented in Table (3.40). 
5.2.2 ^^Co(C, 2p2n) ®^ Ga Reaction 
The evaporation of two protons and two neutrons from the 
compound system leads this channel. The residual nucleus ®^ Ga has 
half-life T1/2 = 3.261 days and spin parity J" = 3/2 '. The residual nucleus 
decays to the levels of ®^ Zn by electron capture (EC) process. The partial 
decay scheme of ®^ Ga is given in Fig. [5.19]. The same residual nucleus 
may also be produced by the decay of its higher charge precursor '^^ Ge. 
Since the precursor has relatively shorter half-life (T1/2 = 19.0 m) than the 
daughter nuclei i.e.^ ^Ga (TI/2 = 3.261 d). The cumulative cross-section for 
the production of Ga has been determined by following the activities for 
lorrger time than about 10 half-lives of the precursor, as it has shorter haff-
life than the daughter nuclei ^^Ga. The independent cross-section for the 
-150-
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Table - 5.39 
Experimental details for the measurement of cross-sections for 
"C + ^^ Co system 
Number of Target Nuclei, [No] = 2.8066 X 10 18 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 ± 0.54 
65.0 ±0.51 
70.0 ± 0.49 
75.0 ± 0.47 
80.0 ± 0.45 
Incident flux 
(j) (/cm^-sec) 
3.89x10" 
4.19 X 10" 
3.69x10" 
3.28 X 10" 
2.84x10" 
Irradiation 
Time (ti)sec 
21600 
21600 
25200 
21600 
36000 
Total charge 
collected {\iC) 
553.5 
599.8 
644.2 
529.1 
781.8 
Table - 5.40 
Adopted values of cross-sections for the production of ^^ Ge 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 ± 0.54 
65.0 ±0.51 
70.0 ± 0.49 
75.0 ± 0.47 
80.0 ± 0.45 
Weighted average cross-section 
a (mb) 
77.4 ±5.2 
160.4 ±6.1 
138.4 ±6.3 
178.9 ±9.7 
155.8±11.0 
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production of '^^ Ga has been determined with the formalism of 
Cavinato et al. (11) using the following expression 
^cu. =cxC''Ga) + \.004 aCGe) 
The cumulative and the independent cross-sections for this reaction 
channel are tabulated in Table (5.41). 
5.2.3 ^®Co(C, an) ®^ Ga Reaction 
This reaction may proceed either by complete fusion of ^^ C with 
®^Co followed by evaporation of one a and one neutron, or by incomplete 
fusion of ®Be fragment of the projectile (if ^^ C breaks up into ^Be+a) 
followed by evaporation of one neutron. The partial decay scheme of the 
product nucleus is shown in Fig. [5.20]. The evaporation residue ^^ Ga 
decays to the levels of ^^ Zn by electron capture and p"^  emission. The 
measured values of the cross-sections for this reaction are tabulated in 
Table (5.42). 
5.2.4 ^®Co(C, a2n) ®^ Ga Reaction 
The partial decay scheme of the residual nucleus ®^ Ga formed in 
this section is shown in Fig. [5.21]. The ®^ Ga isotopes are produced by 
complete fusion of ^^ C with ^^ Co followed by the evaporation of one a-
particle and two neutrons, and also by incomplete fusion of ^Be fragment 
of the projectile followed by the emission of two neutrons. The half-life of 
the product nuclei is 15.2 min. and spin parity 3/2'. The residual nucleus 
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Table - 5.41 
Adopted values of cross-sections for the production of ^^ Ga 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 + 0.54 
65.0 + 0.51 
70.0 ± 0.49 
75.0 ± 0.47 
80.0 ±0.45 
Weighted average 
Cumulative 
434.1+6.1 
591.6 + 7.1 
681.3 ±6.4 
703.5 ± 7.7 
575.7 ±19.7 
a (mb) 
cross-section 
Independent 
356.4 ± 0.9 
430.6 ±1.0 
542.9 ±1.0 
523.9 ±1.0 
419.3 ±8.7 
Table - 5.42 
Adopted values of cross-sections for the production of ^^ Ga 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 ± 0.54 
65.0 ±0.51 
70.0 ± 0.49 
75.0 ± 0.47 
80.0 ± 0.45 
Weighted average cross-section 
a(mb) 
62.1 ±6.6 
72.0 ±6.0 
108.8 ±13.4 
214.6 ±17.9 
473.2 ± 25.4 
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decays to the levels of ^^Zn by p* emission and electron capture (EC). The 
adopted values of cross-sections are given in Table (5.43). These values 
include the contributions from both complete and incomplete fusion 
process. 
5.2.5 "Co(C, ap3n) "Zn Reaction 
The half-life of the product nucleus is 38.1 min. and spin parity 3/2" 
.The complete fusion of ^^ C with ^^Co followed by the evaporation of one 
a-particle one proton and three neutrons leads to the production of 
evaporation residue ^^Zn. This isotope may also be formed by incomplete 
fusion of °Be fragment of the projectile followed by the emission of one 
proton and three neutrons. The partial decay scheme of the evaporation 
residue is given in Fig. [5.22]. The product nucleus decays to the levels of 
^^Cu by p* emission and electron capture (EC) process. The adopted 
values of cross-sections for this reaction channel are tabulated in Table 
(5.44). 
5.2.6 ^^Co(C, 2a2n) ^^ Cu Reaction 
The evaporation residue of this reaction may produce either by 
complete fusion of ^^ C with target ^^Co followed by evaporation of 2a and 
2 neutrons or by incomplete fusion of the a fragment of the projectile 
followed by emission of 2 neutrons. The partial decay scheme of 
the evaporation residue formed in this reaction is given in Fig. [5.23]. The 
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Table - 5.43 
Adopted values of cross-sections for the production of ^ ^Ga 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 ± 0.54 
65.0 ± 0.51 
70.0 ±0.49 
75.0 ± 0.47 
80.0 ± 0.45 
Weighted average cross-section 
a (mb) 
134.8 ±6.1 
169.8 ±7.0 
98.9 ±6.9 
94.5 ±11.1 
83.3 ±9.5 
Table - 5.44 
Adopted values of cross-sections for the production of ^^ Zn 
S.No. Incident projectile 
Energy (MeV) 
Weighted average cross-section 
g(mb) 
1. 
2. 
75.0 ± 0.47 
80.0 ± 0.45 
80.4 ± 6.7 
126.6 ±10.4 
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half-life T1/2 of ^^Cu Is 3.41 h and spin-parity J" = 3/2". This residue decays 
to the levels of ^^Ni through electron capture (EC) process. The reaction 
cross-sections obtained for this reaction at five different projectile energies 
are tabulated in Table (5.45). 
5.3 Measurement of Forward Recoil Range 
Distribution 
Recoil range distribution of a number of evaporation residues 
produced in ^^ C + ^^Co system have been measured at incident projectile 
energies 75 MeV and 80 MeV. In this, the produced evaporation residues 
were allowed to recoil in a stack of thin aluminum catcher foils. Self-
supporting targets of cobalt (thickness - 174 fig/cm^) were used. The 
stacks of thin aluminum catcher foils facing a self supporting target of ^^Co 
were irradiated at projectile energies 75 MeV and 80 MeV in General 
Purpose Scattering Chamber (GPSC) at Nuclear Science Centre, New 
Delhi - INDIA. The stack arrangement is shown in Fig. [5.24]. Both the 
target and aluminum catchers were prepared by vacuum evaporation 
technique at target laboratory, NSC New Delhi. The thickness of targets as 
well as aluminum catcher foils were measured by alpha transmission 
method. The experimental details for these measurements are given in 
Table (5.46). 
After irradiation, the activities induced in each catcher foil were 
followed offline using a pre-calibrated HPGe detector coupled to CAMAC 
based "Freedom" data acquisition system. Typical gamma ray spectrum of 
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Table - 5.45 
Adopted values of cross-sections for the production of ^^ Cu 
S.No. 
1. 
2. 
3. 
4. 
5. 
Incident projectile 
Energy (MeV) 
60.0 ± 0.54 
65.0 + 0.51 
70.0 ± 0.49 
75.0 ± 0.47 
80.0 ± 0.45 
Weighted average cross-section 
cj{mb) 
28.1 ±2.5 
57.1 ±23.8 
95.3 ± 25.4 
218.1 ±3.2 
635.5 ± 6.8 
Table - 5.46 
Experimental details for the measurement of recoil range distribution of 
evaporation residues for ^^ C + ^ C^o system 
Target thickness, [d] = 
Number of Target Nuclei, [No] = 
S.No. Incident projectile Incident flux 
Energy (MeV) ^ (/cm^-sec) 
1. 75.0 1.334x10" 
2. 80.0 2.755x10" 
174.2 lag/cm^ 
2.236 X 10^^ 
Irradiation 
Time (ti)sec 
58197 
31177 
Total charge 
collected (^C) 
853.8 
1011.4 
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one catcher foil at 75 MeV and 80 MeV projectile energies are shown in 
Fig [5.25] and Fig. [5.26]. The cross-sections of recoiling residues 
identified by their characteristic gamma rays in each catcher foil have been 
calculated using a program "NPSIGMA" based on the formalism discussed 
in section (3.1). In order to obtain the recoil range, the measured cross-
section for a particular evaporation residue in individual catcher was 
divided by thickness of respective catcher foil. A plot of recoil range 
against the cumulative catcher thickness gives the forward recoil range 
distribution of evaporation residues. The recoil ranges of six evaporation 
reaction products at projectile energies 75 MeV and 80 MeV are tabulated 
in Table (5.47), and Table (5.48) respectively. 
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Table - 5.47 
Measured forward recoil ranges of evaporation residues for 
I2Q ^ 59QQ system at projectile energy 75 MeV 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
13. 
14. 
Cumulative 
catcher 
thickness 
(ng / cm^) 
82.78 
153.14 
239.12 
316.95 
399.54 
485.23 
565.10 
643.97 
732.73 
817.89 
900.85 
971.66 
1055.78 
1141.49 
^^Ge 
378.2 
409.6 
575.7 
889.4 
890.6 
675.1 
Recoil range ( mb/ |xg-cm'^) 
"Ga 
230.5 
677.5 
953.7 
1271.3 
1392.7 
1615.9 
1839.9 
1507.2 
1279.1 
975.3 
««Ga 
533.9 
827.7 
820.5 
80.3 
105.9 
65.8 
176.9 
302.8 
640.4 
136.2 
97.2 
«^Ga 
79.5 
33.3 
1108.9 
1379.3 
3678.9 
1208.1 
136.9 
276.2 
887.9 
1543.4 
3626.9 
343.1 
167.4 
" Z n 
263.9 
8674.2 
592.4 
252.9 
8974.9 
449.5 
266.8 
396.2 
252.6 
389.9 
445.1 
231.2 
276.4 
«^Cu 
73.4 
61.4 
1319.2 
1363.3 
157.7 
1212.3 
1344.2 
394.7 
425.5 
367.1 
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Table - 5.48 
Measured forward recoil ranges of evaporation residues for 
I2Q ^ 59QQ system at projectile energy 80 MeV 
S.No. 
1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
11. 
12. 
Cumulative 
catcher 
thickness 
( i^g / cm^) 
99.57 
198.55 
299.89 
396.02 
493.95 
593.18 
697.41 
797.84 
904.77 
1004.39 
1098.31 
1188.99 
''Ge 
3.9 
4.5 
15.5 
4.6 
48.4 
109.5 
277.9 
504.9 
575.9 
Recoil range ( mb/ ^ g - c m ' ) 
"Ga 
50.0 
90.0 
98.8 
203.3 
262.9 
1233.6 
1366.4 
1004.9 
''Ga 
11.8 
352.4 
629.3 
23.2 
52.9 
132.7 
207.0 
509.1 
195.0 
145.4 
^^Ga 
0.5 
9.5 
21.8 
192.7 
22.1 
32.1 
49.5 
51.9 
59.6 
95.4 
146.7 
82.8 
" Z n 
57.4 
60.2 
64.0 
305.6 
107.7 
354.3 
58.5 
53.7 
49.7 
46.5 
49.9 
48.8 
«^Cu 
7.6 
223.1 
78.7 
84.4 
129.2 
226.9 
316.0 
408.6 
280.9 
177.1 
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VI. Experimental Results and Discussion 
VI (a) Excitation functions for alpha particle induced 
reactions 
The excitation functions for alpha induced reactions with Niobium, 
Rhodium and Holmium have been measured up to projectile energy 
50 MeV. The reaction cross-sections for the reaction channels studied i.e. 
^^Nb (a, n) ^^Tc, ^^Nb (a, 2n) ^ ' ^ c , ^^Nb (a, 2n) ^^^Tc, 93Nb(a, 3n) ^^Tc, 
^^Nb (a, an) ^^Nb, ^"^Rh (a, 2n) ^°'Ag, ^"^Rh (a, 3n) ^°^Ag, ^°^Rh (a, 4n) 
^°'Ag, ^^'Ho (a, 2n) '^'Tm, ' ^ ' H O (a, 3n) ^^^Tm, and ' ^ ' H O (a, 4n) ^^'Tm, 
along with earlier reported values (1-9) are displayed in Fig. [6.1 - 6.13]. 
Black circles show the present measurements. In our experimentally 
measured results, the horizontal bars show the estimated total energy 
spread associated with each incident a- particle energy, while the vertical 
bars represent the total estimated error in cross-sections. If no bar is 
depicted, the size of the circle includes the magnitude of the estimated 
error. In case of earlier reported results, the errors where ever reported, 
are incorporated in the figures. 
The excitation functions for the ^^Nb(a, n) ^^Tc reaction are shown 
in Fig. [6.1]. The results of other workers (80, 84, 113 - 115) are also 
included in the figure. It is seen from the figure that the various 
experimental results vary within a factor of 2.5 at about 24.4 MeV. 
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The cross - sections for the ^^Nb(a, 2n) ^^ Tc reaction are shown in 
Fig. [6.2] and Fig. [6.3] for the meta-stable and ground states respectively. 
In these figures, results of other workers (80, 113 - 115) are also included. 
The results of Mukherjee et al. (114) are exceptionally higher for the 
^^Nb(a, 2n) ^^ ""Tc reaction while lower in the ^^Nb(a, 2n) ^^ ^ Tc reaction 
(up to 24.4 MeV) from our results as well as other reported values. The 
isonneric cross-section ratio (CTm/cjg) for the ^^Nb(a, 2n) ^^ Tc reaction with 
the other reported results (84, 113, 114, 116) as a function of a-particle 
energy is shown in Fig. [6.4]. One of the exceptions is the result of 
Branquinho et al. (84) at 18 and 28 MeV where the authors repeated the 
measurements and observed a variation of the ratios within a factor of 2.5 
at the same energy. The total cross-section for the ^^Nb(a, 2n) ^^ Tc 
reaction as a function of a-particle energy is shown in Fig. [6.5]. Results of 
other workers (84, 113, 114) are also included in this figure. It can be seen 
from Fig. [6.5] that the results of Branquinho et al. (84) are high (up to 34.0 
MeV). The results of Mukherjee et al. (114) are lower than our results up to 
24.4 MeV. 
The cross-sections for the ^^Nb(a, 3n) '^'Tc reaction were measured 
only for the ground state producing reaction and are shown in Fig. [6.6]. 
Results of other workers (80, 84, 113 - 115) are also included in this 
figure. It can be seen from this figure that our results agree with those of 
Singh et al. (113) and Ernst et al. (80). The cross-sections reported by 
Branquinho et al. (84) are higher than our results while results of 
Mukherjee et al. (114) are lower. 
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Cross-sections for the ^^Nb(a, an) ^^ Nb reaction were measured 
only for the reaction leading to the metastable state of ^^Nb. It is shown in 
Fig. [6.7] together with other reported results (113 - 115). Our results 
agree with those of Singh et al. (113) in the whole energy region, while the 
results of Mukherjee et al. (114) are higher than our results and also with 
the results of Singh et al. (113). 
The cross - sections for ^°^Rh(a, 2n) °^^ Ag are shown in Fig. [6.8] 
along with earlier measurements. Our results are in good agreement with 
the results of Newton et al., (117) while the results of Ansari et al., (118) 
show considerable deviation in the energy range 35 - 40 MeV. 
Cross-sections for ^°^Rh(a, 3n) °^'*Ag were measured using 12 
characteristic gamma rays and are shown in Fig. [6.9]. It is very clear from 
Fig. [6.9] that the results of Newton et al., (117) and Ansari et al., (118) are 
much higher than our results in the high-energy region (37 - 50 MeV). In 
Fig. [6.10] a result of Newton et al., (117) at 43.9 MeV is much lower while 
at 49.8 MeV it is much higher than our results for ^°^Rh(a, 4n) °^^ Ag. 
The cross-sections for ^^ ^Ho (a, 2n) ^^^Tm, ^^ ^Ho (a, 3n) ^^ ^Tm, and 
^^ H^o (a, 4n) ^^^Tm, with earlier measurements (119) are shown in 
Fig. [6.11 - 6.13]. It can be perceived from Fig. [6.11] and [6.13] that 
results of Gadkari et al., (119) are lower than our findings while for (a, 3n) 
channel our results agree with the results of Gadkari et al., (119) except 
above 47 MeV, where reported result is much lower than our result. 
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Discussion 
Analysis of excitation functions with code Alice-91 
The excitation functions of the a - particle induced reaction on ^ ^Nb, 
^°^Rh and ^^ '^ Ho were evaluated theoretically using the computer code 
ALICE - 91 (22). The code ALICE - 91 (22) employs the Weisskopf -
Ewing model (23) for the statistical component and Hybrid (27) as well as 
geometry dependent hybrid model of Blann (28) for the pre-equilibrium 
emission. The statistical part of ALICE- 91 (22) can account for a large 
variety of reaction types. Besides evaporation of neutrons and protons 
(according to Weisskopf and Ewing (23)) clusters such as deuterons and 
a - particles can be considered. This is done with conservation of angular 
momentum. The binding energies and Q-values used in the present code 
are based on experimental masses (Wapastra and Audi (120)). The 
ALICE- 91 code stores experimental masses in data file. Whenever the 
nuclear masses are not available in the data file they are calculated from 
the Myers-Swiatecki mass formula (90) (liquid drop mass with pairing). 
The pairing energy 5 is calculated from the back shifted model. In these 
calculations pairing energy is zero for even-even nuclides, - 6 for odd-even 
nuclides and -25 for odd-odd nuclides respectively, with 5 = 11/VA. The 
inverse cross-sections are calculated from the optical model subroutine, 
which uses the Becchetti and Greenless (93) optical parameters. The 
intra- nuclear transition rates are calculated using the Pauli-corrected 
nucleon-nucleon (N-N) scattering cross-sections and adjustment of the 
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mean free path intra-nuclear transitions is done by keeping the so called 
mean free path multiplier (k) constant equal to 3.0. 
Level densities of residual nuclei play an important role in deciding 
the shapes and absolute value of the excitation functions. For calculations, 
the level density formula proposed by Lang and Le Couteur (121) was 
used. In general, for the level density parameter a value of a=A/K was 
applied, where A denotes the nucleon number and K a constant for which 
values spreads over a wide region have been given in literature (95 - 96). 
In our calculations, a best fit was obtained by using a value of 8.0. 
In pre-equilibrium reactions, the initial exciton configuration is a 
crucial quantity. The influence of this initial exciton configuration on the 
result of PE calculations was investigated by varying the initial exciton 
configuration no (n-p-h), which is described by the number of neutrons (n) 
and protons (p) in excited states, and the number of holes (h) after the first 
collision. The total exciton no equals the sum of n, p, and h. For alpha 
induced reactions, the initial exciton number no=4 or 5 was suggested by 
Blann (2). However, it was found by many investigators (15, 122 - 125) 
that no= 4 fits experimental data better than no=5. We have performed the 
calculations with an initial exciton configuration no= 4 (2n + 2p + Oh i.e. 
pure particle state). This appears to give the best fit to our experimental 
data for alpha induced reactions. 
A physical interpretation of an initial exciton configuration 
no= 4(2n+2p+0h) is that only four excitons initially shares an excitation 
energy, which is equivalent to a break up of the incoming a-particle in the 
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field of nucleus and nucleons occupying the excited states above a 
completely filled Fermi sea. 
The experimentally measured excitation functions are compared 
with theoretical predictions, based on the compound and pre-compound 
reaction mechanisms. The comparison with theoretically calculated values 
is made only for those reactions in which total cross-section (i.e. for both 
isomers m and g) is measured in the present work. The solid line 
represents the excitation functions obtained by the consideration of both 
compound as well as pre-compound contributions while dotted line shows 
the excitation functions calculated by the consideration of pure compound 
nucleus contribution (Weisskopf- Ewing calculation). 
Fig. [6.1] shows the theoretical and experimental excitation 
functions for ^^Nb (a, n) ^^Tc it is seen that the excitation function cannot 
be reproduced by the compound nucleus theory in the high-energy region. 
It is reproduced well by taking into account the pre-compound contribution. 
The isomeric cross-section ratio (am/cjg) for the ^^Nb(a, 2n) ^^Tc reaction 
with the other reported results (84, 113, 114, 116) as a function of a-
particle energy is shown in Fig. [6.4]. It can be seen that the overall cross-
section ratios indicate that the population of the ground state (spin 9/2'") is 
more probable than that of the isomeric state (spin 1/2 ") in the present 
energy region. The decrease in the ratio with increasing energy is due to 
the fact that probabilities of populating the higher spin states increases 
with energy as higher angular momenta are imparted at higher energies. It 
is also very clear from Fig. [6.5] that the excitation functions for 
-188-
Nb(a, 2n) ^^Tc can be represented by compound nucleus theory up to 
27 MeV. Above this energy, a better fit to the experimental data could be 
obtained by taking the pre-equilibrium contribution into consideration. 
Since we measured only the ground state cross-sections for 
^^Nb(a, 3n) '^*^ Tc (Fig. [6.6]), it is not appropriate to compare our results 
with theory. In case of ^^Nb(a,an) ^^Nb also, comparison of the results with 
theory is not appropriate since we could not measure the ground state 
cross-sections. However, we can have some idea of the nuclear reaction 
mechanism from the theoretical and experimental excitation functions 
(Fig. [6.7]). The theoretical curves show a peak while the experimental one 
shows a plateau in the excitation functions. The slow variation in the cross-
sections suggests that this reaction takes place through the direct reaction 
mechanism, where the incoming alpha particle knocks out a neutron from 
the ^^Nb target nucleus and at the same time leaving the residual nucleus 
to an excited state. 
It is clear from Fig. [6.8] and Fig. [6.9] for ^°^Rh(a, 2n) ^°^Ag and 
^°^Rh(a, 3n) "^'^ Ag that the experimental excitation functions are in good 
agreement with those calculated based on the equilibrium and pre-
equilibrium reaction mechanisms. It can be seen from Fig. [6.10] for, 
^°^Rh(a, 4n) ^°^Ag reaction the experimental excitation functions are 
following the compound nucleus calculations. In this, there is no signature 
of any pre-equilibrium component possibly due to higher threshold energy 
of this reaction. 
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The Figs. [6.11 - 6.13] display tlie excitation functions for ^^''Ho(a, 
2n) ^^^Tc, ^^^Ho(a, 3n) ^^^Tc, and ^^^Ho(a, 4n) ^^^Tc reactions along with 
theoretically calculated values and earlier reported values. It can be 
perceived that our measurements are in better agreement with the 
theoretically predicted values when pre-equilibrium component is also 
taken in account with equilibrium decay. 
VI (b) Excitation functions for iieavy-ion induced 
reactions 
The excitation functions for Carbon induced reactions on Cobalt 
have been measured at five incident projectile energies. The reaction 
channels studied in the energy range 60 MeV - 80 MeV are 
^^Co(C, p3n) ^^Ge, ^^Co(C, 2p2n) ^^Ga, ^^Co (C, an) ^^Ga, 
^^Co(C, a2n) ^^Ga, ^^Co(C, ap3n) ^^Zn, and ^^Co(C, 2a2n) ^^Cu. In order 
to see the pre-equilibrium and angular momentum effects, the measured 
excitation functions are compared with theoretical predictions obtained 
from computer codes ALICE - 91 (22) and CASCADE (24). The code 
CASCADE does not take into account the possibility of pre-equilibrium 
emission and incomplete fusion in calculations. 
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Discussion 
Analysis of excitation functions with code Alice-91 
The measured excitation functions along with theoretical predictions 
obtained from ALICE - 91 are displayed in Fig. [6.14 - 6.19]. The 
measured excitation functions are shown by dark blue circles while the 
theoretical predictions obtained for pure equilibrium emission are 
represented by dotted lines and for pre - equilibrium along with equilibrium 
emission are represented by solid lines. The various parameters used in 
ALICE - 91 for calculations for excitation functions are same as discussed 
in the previous section for alpha particle induced reactions except initial 
exciton numbers. Assuming that the incident projectile breaks up in the 
field of target nucleus and the nucleons occupy excited states above the 
Fermi energy, the initial exciton number no with configuration (6p+6n+0h) 
has been taken to 12 for ^^ C projectile. 
The calculated values of excitation functions with these set of 
parameters shifted towards the lower energy region compare to 
experimentally measured values. This may be because of the fact that in 
case of heavy ions, the projectile imparts large angular momentum to the 
composite nuclear system. The compound systems attained with incident 
particles of different masses, have appreciably different angular momenta, 
when excited to the same excitation energy. This, in principle can lead to 
differences in the excitation functions. As in the last stage of nuclear 
deexcitation the high angular momentum imparted by heavy ions inhibits 
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particle emission more than it does gamma ray emission, then the peak of 
the excitation functions, corresponding to the particle emission mode, will 
be shifted to the higher energy side (102). Such a shift could also be 
produced if the mean energy of the evaporated particles increases with 
increasing nuclear spin. The order of this shift can be obtained from the 
rotational energy. The overall estimate of the possible energy shift has 
been calculated using the formulation discussed in section - 4.1. Since the 
angular momentum effects have not be incorporated in this code for pure 
Weisskopf - Ewing calculations, it is obvious to shift the calculated 
excitation functions by an amount approximately equal to Erot. It is very 
clear from Fig. [6.14] and Fig. [6.15] that the excitation functions for 
(C, p3n) and (C, 2p2n) reaction channels are in good agreement with the 
calculated values for the chosen set of parameters after taking into 
account the rotational energy shift. The ^^Co(C, 2p2n) ^^ Ga reaction 
channel may be populated through two different modes, namely direct 
mode and precursor mode. In direct mode the compound nucleus ^^ As 
decays to ^^ Ga by emitting one proton and three neutrons, while in 
precursor mode the higher charge precursor isobar ^^ Ge decays to ^^ Ga 
by emission of p"". It can be seen from Fig. [6.15] that the cumulative cross-
sections are much higher than those of calculated values, however the 
independent yields obtained after subtracting the precursor contributions 
using the formulation of Cavinato et al., (11) are in good agreement with 
theoretical predictions. 
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In case of, ^^Co(C, an) ^^Ga, ^^Co(C, a2n) ^^Ga, and ^^Co(C, ap3n) 
^^Zn, and ^^Co(C, 2a2n) ^^Cu reaction channels the measured reaction 
cross -sections are much higher than those calculated. For ^^Co(C, an) 
^^Ga channel, the theoretical predictions show almost negligible cross-
sections up 70 MeV, while the measured cross-sections have appreciable 
values {~ few tens of mb). In the energy region 75 MeV to 80 MeV, the 
measured cross - sections are much higher but in same trend to the 
theoretically calculated values. The cross sections for ^^Co(C, a2n) ®^ Ga 
are much higher in the energy range 65MeV - 80 MeV and also do not 
follow the shape, however at projectile energy 60 MeV the measured 
excitation functions agree with theory. The cross-sections for ^^Co(C, 
ap3n) ^^Zn channel at energy 75 MeV are higher by a factor of ~ 5 to the 
theoretical predictions. The excitation functions for ^^Co(C, 2a2n) ^^Cu do 
not reproduce even the shape of the theoretical predicted excitation 
functions. Fig. [6.19] shows a plateau in the experimental excitation 
functions. The enhancement of the cross-sections indicate that these 
channels are not only populated by complete fusion followed by 
evaporation of neutron, proton, and alpha particles, but also by some other 
process, which may be incomplete fusion of ^^ C with ^^Co. Further 
confirmation of the contribution of incomplete fusion reaction mechanism 
to the total reaction cross-sections can be done by measurement of recoil 
range distribution of evaporation residues. 
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Analysis of excitation functions with code CASCADE 
The statistical code CASCADE is based on Houser Feshbach 
theory (88), and it does not take into account the possibility of PE emission 
and incomplete fusion. We have calculated the evaporation residues (ER) 
integrated cross-sections for the nuclear reaction ^^ C + ^^Co. The 
parameters used in the code are generally accepted ones. For the 
calculation of transmission coefficients of various particles (such as 
neutron, proton, and alpha) the default global set of optical model (OM) 
parameters of TLCALC subroutine of CASCADE code were used. For the 
neutron, OM parameter set of Rapaport et al., (126) and Wilmore and 
Hodgson (127) were used, while for proton, the OM parameter set of 
Becchetti and Greenless (93) were used. In case of alpha particle, the OM 
parameter sets of Satchler (128), McFadden and Satchler (129) and 
Huizenga and Igo (130) were used. The transmission coefficients for the y-
rays with the transition energies Sy are expressed by the y-ray strength 
functions fxiiey) for the multipole radiations of type XL. For the E l , Ml and 
E2 radiations, the default values in Weisskopf units equal to 0.0001, 0.03, 
and 5.0 respectively were used (104). For energies, spin and parities of 
the discrete levels of the residual nuclei, the lowest 1 5 - 2 0 levels in ref. 
(112) were used. The level density formalism of back-shifted Fermi gas 
model expressed by Lang (118) was used for the continuum excitation 
region. The level density parameter a = /A / 8.0 was used for all nuclei. 
The experimental excitation functions with cascade predictions 
are shown in Fig. [6.20 - 6.25]. It can be seen from these figures that the 
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measured excitation functions are not consistently reproduced by 
theoretical predictions with the default set of parameters. In order to test 
the sensitivities of the input parameters the calculations were made with 
different choice of input parameters. In particular, the parameter Fe, which 
is the ratio of actual moment of inertia to the rigid-body moment of inertia, 
of excited system has been found to have considerable affect on excitation 
functions. We have done the calculations with four values of Fe as 0.1, 0.3, 
0.5, and 0.85, which is a default value in the code. The large deviation of 
the value Fe from the default value 0.85 may be justified due to the fact that 
in case of heavy ion induced reactions, large amount of angular 
momentum is imparted to the compound system which then deviates from 
a rigid body configuration considerably leading to such an anomalous 
value of the parameter Fe. From Fig. [6.20] and Fig. [6.21], it can be seen 
that the measured excitation functions are not in good agreement above 
65 MeV projectile energy. The high-energy tail in the excitation functions 
may be due to pre - equilibrium emission of the particle in these channels. 
It can also be seen from Fig. [6.22-6.25] that the measured excitation 
functions for ^^Co(C, an) ^^Ga, ^^Co(C, a2n) ^^Ga, ^^Co(C, ap3n) ^^Zn, and 
^^Co(C, 2a2n) ^^Cu are much higher than theoretically predicted values. 
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VI (c) Forward recoil range distribution of evapora 
- tion residues in C + ®® Co system 
In order to have a further confirmation of complete and incomplete 
fusion reaction mechanism and to separate the contribution of these 
reaction processes in ^^ C + ^^Co system, the forward recoil range 
distribution of various reaction products have been measured at projectile 
energy 75 MeV and 80 MeV. The measured values of recoil ranges plotted 
against cumulative thickness of catcher foils of various residual isotopes 
produced in reaction at 75 MeV and 80 MeV are shown in Fig. [6.26] and 
Fig. [6.27] respectively. As can be seen from figures, at a given value of 
incident projectile energy, only one peak is observed in the recoil range 
distributions for ^^Ge and ^^Ga isotopes, however in case of ®^Ga, ^ ^Ga, 
®^ Zn and ^^Cu isotopes two peaks are observed. The recoil range 
distributions of ^^Ga, ^^Ga populated by reactions (C, p3n) and (C, 2p2n) 
show only one peak, and are nearly gaussian. One peak in the recoil 
range distribution clearly indicates that these products are formed solely 
via complete fusion process. The recoil range distributions for evaporation 
residues formed via reactions (C, an), (C, a2n), (C, ap3n), and (C, 2a2n), 
show two separate peaks, one corresponding to complete fusion and the 
other at relatively lower value of range. This clearly indicate that these 
residues are not only formed by the complete fusion process but by some 
other process in which the linear momentum transfer is less than that in 
case of complete fusion process. This is possible only when a fragment 
of the projectile fuses with the targets and rest moves with velocity almost 
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same as that of the projectile, leading to less momentum transfer. The two 
separate peaks in the recoil range distribution clearly indicate that these 
reaction products are not only formed by complete fusion process but 
partly by incomplete fusion also. 
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Excitation functions of the reaction (a,n), {a,2n), {a,3n), and (a,an) for '^Nb were measured up to 37 
MeV using the stacked foil activation technique and high-punty Ge y-ray spectroscopy method The measured 
experimental values were compared with the geometry-dependent hybrid model in which the emission of 
particles prior to the equilibrium decay is taken into account whenever the interaction of projectile with the 
target nucleus is considered It was found that the compound nucleus decay mechanism alone is unable to 
explain the expenmental trend of our data The isomeric cross-section ratios (cr„/a^) for the (a,2«) reaction 
were also calculated as a function of a-particle energy A definite trend was observed in the variation of the 
ratio with a-particle energy 
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I. INTRODUCTION 
The study of the effect of preequilibrium (PE) emission 
followed by equilibnum (EQ) decay to the excitation func-
tion in the multiparticle emission process has been a point of 
interest for the last several years The presence of a pre-
equilibnum component in any reaction can be observed from 
the high-energy tail of the excitation function, which cannot 
be reproduced by the statistical model The presence of a 
preequilibrium reaction can also be inferred from the study 
of the vanation of the isomeric cross-section ratio with en-
ergy Many attempts have been made to understand such 
reactions Starting from the pioneenng work of Gnffin [1], 
which provides the first explanation of the spectral shape of 
the excitation function in the framework of exciton model, 
many other semiclassical models have been proposed [2-6] 
The hybnd and geometry-dependent hybrid (GDH) models 
[5,6] proposed by Blann have been found to be relatively 
simple and closed-form models for the successful reproduc-
tion of the experimental data Apart from these semiclassical 
models of the nuclear reaction for the successful reproduc-
tion of the excitation function data, efforts are in progress to 
give a full quantum-mechanical picture in the framework of 
multistep theories proposed by Feshbach, Kerman, and Koo-
nin [7] and others [8-10] For the interaction of a composite 
particle such as an a particle, the quantum-mechanical pic-
Uire is yet to come 
For a better understanding of the PE emission mechanism 
more and more experimental data are necessary A lot of 
work has been done on the study of the excitation function of 
a-particle-induced reactions for various target nuclei [11] 
over a wide range of energy and over a wide range of the 
periodic table However, the situation regarding it is still un-
satisfactory, ds there are large discrepancies in the reported 
values even for a single specific reaction Moreover, the data 
are incomplete and contain considerable errors Although the 
cross sections for niobium were measured earlier by few 
*Present address Department of Physics, Bareilly College, Ba-
reilly (UP), India 
^Electronic address phtl 8akc@amu up nic in 
groups [12-17] using the single y ray for each reaction, even 
then their results differ to a large extent, hence precise and 
accurate measurements are still needed With this in mind, 
we have made an attempt to measure the reaction cross sec-
tion for '^Nb up to 37 MeV a-particle energy using the 
maximum possible y rays for a single reaction As a check, 
the relative intensities of identified y rays were also mea-
sured A theoretical analysis of data has also been earned out 
under the prescnption of the GDH model [6] 
IL EXPERIMENTAL DETAILS 
The excitation functions for the a-induced reactions on 
'•'Nb were measured by the stacked foil activation technique 
and y-ray spectroscopy method The stack was made with 
spectroscopically pure niobium foils of thickness 10 5 
mg/cm^ The niobium foil was cut into pieces ot size 
1 5 cmX 1 5 cm, and each of them was glued to an aluminum 
frame, having a circular hole of diameter 1 2 cm in its center 
Energy degrader aluminum foils of different thickness were 
sandwiched between the target foils, so as to get the desired 
a-particle energy incident on each foil The stack was irra-
diated with a 40 MeV diffused beam of diameter 8 mm at the 
Vanable Energy Cyclotron Centre, Calcutta (India) The 
beam energy was determined from a curve that related the 
cyclotron rf with energy constructed from experimental data 
on elastic scattering The irradiation was performed with a 
beam current of about 380 nA so that a few hours only of 
well-controlled irradiation was sufficient to excite the re-
quired activities The a-particle flux was calculated using a 
Faraday cup and charge integrator A copper foil of thickness 
10 68 mg/cm^ was also used as a flux monitor for checking 
the flux, and good agreement was found with less than 10% 
discrepancy The experimental setup with details is given 
elsewhere [18] 
The activities induced in the target foils were followed 
using a high-resolution (2 keV for 1332 keV y ray of *°Co) 
high-purity Ge (HPGe) detector of 100 cm' active volume 
coupled to the Ortec's PC-based multichannel analyzer The 
dead time for counting was kept less than 10% by adjusting 
the target detector separation in these measurements, and 
proper account of the dead time was taken in the calcula-
0556-2813/2002/65(3)/034605(9)/$20 00 65 034605 ©2002 The American Physical Society 
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FIG 1 Typical y-ray spectrum obtained from the activation of 
the ''Nb target by 28 6 MeV a particles 
tions Several spectra were taken at suitable intervals to per-
mit identification of the half-lives of various residual nuclei 
A typical "y-ray spectrum obtained from the activation of 
niobium target foil at 28 6 MeV is shown in Fig 1 
The energy and efficiency calibration of the HPGe spec-
trometer was done usmg various standard sources, 1 e , ^^Na, 
"Co, "'Co, '"Ba, and ' " E U of known strengths The geom-
etry dependent efficiency (eG) of the detector for different 
source-detector distances was computed using the relation 
eG = Ce'"/Soe, 
where C is the number of counts per second under the pho-
topeak, \ is the decay constant of the radioactive nuclei, / is 
the time lapse between start of counting and the date of fab-
rication of standard y-ray source, 5o is the actual number of 
radioactive quanta emitted by the standard source per second 
at the time of its fabncation, and d is the absolute intensity of 
the relevant y ray The values of 6 and \ were taken from 
TABLE I Reaction channels for 37 MeV a particles incident 
on"Nb 
Reaction 
"Nb(a,«)" '"Tc 
"Nb(a,n) ' '«Tc 
"Nb(a,2/7)'' '"Tc 
"Nb(a,2n)"«Tc 
'^Nb(a,3n)'^'"Tc 
"Nb(a,3n)"'«Tc 
"Nb(a , an ) " ' "Nb 
"Nb(a , an ) "«Nb 
"Nb(a,2p)" '"Nb 
"Nb(a,2p)'=«Nb 
Q value 
(MeV) 
- 7 0 1 
- 1 4 92 
- 2 4 85 
- 8 96 
- 1 2 5 9 
7^1/2 
51 5 mm 
4 3 5 d 
6 1 0 d 
20 Oh 
52 5 mm 
4 88h 
10 14 d 
3 2X 10' yr 
3 5 d 
35 d 
E, 
(MeV) 
0 778 
1200 
0314 
0316 
0 778 
0812 
0 850 
1 127 
0 204 
0 582 
0 786 
0 821 
0 835 
1039 
0 766 
0 948 
1074 
0 871 
0 993 
0 449 
0 532 
0 702 
0 850 
0 871 
0916 
0913 
0 934 
0 204 
0 235 
0 766 
Absolute 
y intensity (%) 
19 
1 0 
2 4 
14 
99 1 
815 
96 9 
15 1 
66 2 
32 5 
9 0 
4 9 
28 1 
30 
93 0 
2 1 
4 2 
94 0 
22 
2 6 
26 
99 8 
97 7 
100 0 
7 4 
16 
99 2 
2 4 
25 5 
99 8 
Ref [19] The values of eG thus obtained were plotted as a 
function of energy using the program ORIGIN 5 0 A polyno-
mial of degree 4 having the following form was found to 
give the best fit for these curves 
250 500 750 
E (keV) 
1000 1250 1500 
FIG 2 Geometry-dependent efficiency of the HPGe detector at 
a source detector distance of 15 5 cm 
where GQ, a^, a^, 03, and 04 are the coefficients having 
different values for different source detector distances X is 
the energy of the characteristic y ray A typical geometry-
dependent efficiency curve of the 100 cm HPGe detector 
obtained at a distance of 15 5 cm fi-om the detector surface is 
shown in Fig 2 The following expression was used for 
computing the experimentally measured reaction cross 
sections [18] 
o-(£) = ^X. exp(\/2) 
yVo0(eG)e / : { l - exp( - \ f , ) }{ l - exp( -X/3 )} ' 
034605-2 
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TABLE II Experimental cross section for (a,n), (a,ln), (a,3n), and (a,an) reactions. 
E, (MeV) 
180 
20 8±16 
21 1 
212 
23 0 
23 3±13 
24 2+14 
24 4 
26 1 ± 1 2 
28 0 
28 2±14 
28 6±1 1 
29 0 
29 5 
30 9±1 0 
31 8±1 2 
32 6 
33 2±0 9 
34 0 
34 1 
34 3 
353±09 
36 0±12 
374 + 08 
38 0 
38 4 
38 8 
39 8 
39 8±12 
40 0 
Present 
707±06 
30 0±1 2 
225±07 
182±05 
137±07 
179±06 
143±09 
{.oc.nf^lc 
Previous 
786° 
170±21'' 
203' 
276 ±30' 
92±7'' 
43 ±5' ' 
106il5 ' 
22 5±2 8'' 
22±2 4'' 
22 6±3 4' 
157±20'' 
20 5±3 1' 
10 3±1 3'' 
12 8-tl9" 
8 3±1 O'' 
II 5±0 \' 
( 
Present 
606 9± 10 6 
7144±9 1 
684 0±8 8 
588 6±7 9 
394 3±6 9 
399 9±9 9 
295 9±7 2 
<r,2«)««Tc 
Previous 
605 ±79' 
232 ±28' 
849 ±66'' 
9431126*' 
489 ±54' 
994± 133'' 
913+74'! 
665 ±67' 
560± 74'' 
666'' 
387±30'' 
812±81' 
311±4l'' 
349 • 38" 
184±15'' 
152'' 
161±2l'' 
22713' 
( 
Present 
80 0±12 3 
65 5±12 8 
417±125 
70 0±10 3 
31 0±105 
24 2±15 7 
117±74 
Cross section (mb) 
>.2n)'"'"Tc 
Previous 
90 0±l l ' ' 
934±13 1' 
103+13'' 
169 ±22' 
77±9 8'' 
203 ±24' 
37±4 7'' 
223 ±27' 
19±2 5'' 
91 8M2 8' 
12 7±1 7'' 
Present 
686 9± 16 2 
779 9± 15 8 
725 7± 15 3 
658 7± 12 9 
425 2± 12 6 
424 1±18 6 
307 6± 10 3 
(«,2n)"=Tc 
Previous 
569* 
695 ±79 8'' 
1162' 
325 4 ±30 9' 
10461 126 7'' 
658±58 3' 
1612" 
1071 ±133 4'' 
868±71 2' 
597±74 2'' 
620' 
1035 ±85 4' 
330±41 l'' 
440 8* 133 5' 
263' 
173 7±21 l" 
( 
Present 
24 2±13 
185±09 
57 7± 1 1 
239 7119 
449 1 ± 2 2 
a53 2±3 0 
113931165 
1023+18 0' 
>,3/!)"'Tc 
Previous 
86" 
56±7 8'' 
83+6'' 
8 21±1 2' 
269± 36'' 
397'' 
876' 
518140'' 
119115' 
700 ±94'' 
485 • 49' 
1060' 
684± 53'' 
768'' 
7681103" 
(«. 
Present 
4 5 1 0 7 
69±07 
98±07 
11 9107 
144107 
18311 0 
146109 
183105 ' 
,o«)'^''Nb 
Previous 
3 1105 ' 
5 7*08'' 
14 612 8' 
116116'' 
26 4±3 9' 
14 0±1 9'' 
32 313 9' 
15 012 0'' 
39 6 ' 4 7' 
177±23'' 
^Reference [12] 
''Reference [13] 
'Reference [15] 
•"Reference [14]. 
Tleference [16]. 
where A is the counts under the photopeak of the character-
istic yray, \ is the decay constant of the product nucleus, NQ 
IS the number of nuclei of the isotope under investigation, <f) 
is the incident ar-particle flux, eG is the geometry-dependent 
efficiency of the HPGe detector, 0 is the absolute intensity of 
the characteristic y rays, K is the self-absorption correction 
factor for the -yray in the sample, t\ is the irradiation time, tj 
is the time lapse between stopping the beam and the start of 
counting, and 3^ is the counting time. 
The energy of the a particles striking different target foils 
has been calculated by taking into account the thickness of 
the foil and the energy loss within it, using the stopping 
power table of NorthclifFe and Schilling [20]. No consider-
ation of straggling for the increase in the path of the incident 
beam in the stopping material has been made for the estima-
tion of energy loss in the target thickness because of its neg-
ligibly small effects for a particles [14]. 
III. EXPERIMENTAL RESULTS 
In the present work the various reactions induced by a 
particles on '^Nb were observed by detecting the character-
istic y rays obtained from the decay of residual nuclei. The 
possible reaction channels for '^Nb (residual nucleus un-
stable) in the energy range considered in the present mea-
surement are listed in Table I. The other details, viz., residual 
nucleus, Q value, half-life y-ray energies, and corresponding 
absolute intensities, are also given in the table. The Q values 
of the different reactions have been taken from Ref. [21] and 
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E„ (MeV) 
TABLE III Isomeric ratios of product nuclides for the (a,ln) reaction 
Isomeric ratio (o-^/a-g) Isomeric ratio ((j„l(Tg) 
Present Previous E„ (MeV) Present Previous 
180 
185 
190 
197 
20 8i 
21 1 
16 
1 3 
212 
22 0 
22 5 
22 6 
23 0 
23 3i 
24 0 
24 2+14 
24 4 
25 2 
25 5 
26 0 
26 1 ± 1 2 
26 5 
27 0 
28 0 
28 2+1 4 
28 6+1 1 
29 5 
0 132 
0 091 
0 061 
0 160' 
0 330' 
0 169'' 
0 169'' 
0 154" 
0 109' 
0 125' 
our 
0 402" 
0 145'' 
0 143'' 
0 133' 
0 139'' 
0 139" 
0 077"^  
0 346" 
0 097' 
0 123'' 
0 128'' 
0 115'' 
Olll ' ' 
0 085' 
0 230' 
0 104'' 
0 066"^  
0 305" 
0 
29 5 
29 9 
30 5 
30 9 
31 8 
31 8±1 2 
33 0 
33 2 + 0 9 
33 5 
34 0 
34 3 
34 5 
35 0 
353 + 09 
35 4 
35 5 
36 0+1 2 
36 5 
37 4±08 
38 0 
38 4 
38 5 
39 8+1 2 
40 0 
0 119 
0 078 
0 094'' 
0 071' 
oogi" 
0 062' 
0 061"^  
0 085" 
0 093'' 
0 062' 
0 064' 
0 085 
0 275 
0 099' 
0 088' 
0 061 
0 040 
0 056' 
0 099'' 
0 061'^  
Olll" 
0 263" 
0 122'' 
0071' 
0 060' 
0 128" 
0 092' 
0 164" 
'Reference [12] 
''Reference [17] 
'Reference [13] 
"Reference [15] 
other decay data from Ref [19] In the list very weak y rays 
are not included whenever strong y rays are available for the 
same emittmg nuclide yrays having higher energies are also 
not included in the list We have considered only those yrays 
that gave appreciable activities for the meaningful excitation 
studies The ^^ray spectroscopy software package RADWARE 
[22] was used extensively for analyzing the spectrum 
The activation cross section for a given reaction was de-
termined from the intensities of the various y rays identified 
as arising from the same residual nucleus The reported value 
is the weighted average [23] of the vanous cross-section val-
ues so obtained The statistical error given in the results is 
the larger one of the internal and external errors [23] In 
general these errors are less than 31% except for few points 
A. {a,n) reaction 
This reaction produces two isomers of '*Tc Both isomers 
are unstable The ground state has a half-life of 4 35 d and a 
metastable state of 51 5 mm The reaction producing the 
ground-state isomer was studied by considenng the 0 778, 
0 812, 0 850, and 1127 MeV y rays In the analysis the 
0 850 MeV photopeak was not used at energies above the 
threshold for (a,3n) reaction, as this yray is also associated 
with the (a,3«) reaction The 0 778 MeV y ray is common 
to both isomers However, this peak can be used in the analy-
sis after the decay of metastable-state activity The cross sec-
tions for this reaction obtained at different energies are tabu-
lated in Table II 
The metastable state of '**Tc decays to the ground state 
with 98% isomenc transition and 2% electron capture and 
P^ decay The half-life of the metastable state is much 
shorter than that of the ground state Therefore, the cross 
sections for the ground-state-producing reaction as obtained 
above is almost the total cross section for the production of 
'*Tc isomers as the activities were measured after the decay 
of the metastable state 
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25 30 
E. (MeV) • 
FIG 3 Experimental and theoretical excitation functions for the 
''Nb(a,n)"Tc reaction 
B. (a,2n) reaction 
The (a,2n) reaction on '•'Nb produces two isomers of 
'^Tc with half-hves of 20 0 h and 61 0 d The 0 766 MeV y 
ray emitted from the ground-state isomer is common with 
that of the (a,2p) ' '*Nb reaction Therefore, the cross sec-
tions for the (a,2n)' '^Tc reaction have been measured by 
considering the 0 948 and 1 074 MeV y rays The cross sec-
tions obtained for this reaction are given in Table II 
The metastable state of '''^ Tc decays to the ground state 
with 95 8% EC, 0 3% fi* decay, and 3 9% isomeric transi-
tion The main y rays obtained from its decay are 0 204, 
0 582, and 0 835 MeV The 0 204 MeV y ray is also emitted 
from "Nb(a,2p)'5'"Nb reaction ( Q = - 1 2 6MeV) with an 
absolute intensity of 2 4% Another y ray of 0 235 MeV 
having the absolute intensity of 25 5% is also emitted from 
the ''^'"Nb isomer The counts under the photopeak of 0 204 
MeV due to the ^^Nb(a,2;j)'^"'Nb reaction can be estimated 
if one can measure the cross section of this reaction by con-
sidering the 0 235 MeV photopeak However, m the present 
measurements a background photopeak of the same energy 
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FIG 4 (a) Experimental excitation function for the '^Nb(a,2«)'^'"Tc reaction (b) Experimental excitation function for the 
'•'Nb(Q',2n)'^ «Tc reaction (c) Isomenc cross-section ratio (cr„/o-j) of the "Nb(a,2«)'^Tc reaction as a function of a-particle energy (d) 
Experimental and theoretical excitation functions for the ''Nb(Q',2n)'^Tc reaction 
034605-5 
AVINASH AGARWAL, I A RIZVI, AND A K CHAUBEY PHYSICAL REVIEW C 65 034605 
TABLE IV Measured relative intensities of identified y rays 
•y-ray energy 
E^ (keV) 
Reaction 
0 778 
0812 
0 850 
1 127 
Absolute 
abundance 6 (%) 
"Nb(a,n)''«Tc, /„, 
99 1 
815 
96 9 
15 1 
Normalized relative intensity 
Present 
measurement 
Literature 
value^ 
of product nucleus 4 35 d 
100 0 
819 + 35 
97 9±4 0 
149±08 
100 O'' 
82 2 
97 8 
152 
Reaction ^•'Nb(a,2n)'''"Tc, t\i2 of product nucleus of 61 0 d 
0 204 66 2 100 0 100 0*' 
0 582 32 5 49 0±7 1 49 1 
0 835 28 1 43 9±2 0 42 5 
Reaction '•'Nb{a,2n)''*Tc, t^p of product nucleus 20 0 h 
0 766 93 0 100 0 100 O'' 
0 948 2 1 2 2±0 1 2 3 
1074 4 2 4 5±0 2 4 5 
Reaction ''^Nb(Q:,3'')'''''Tc, ?|/2 of product nucleus 4 88 h 
0 702 99 8 
0 871 100 0 
0916 74 
Reaction "Nb(a,an)'-'"Nb, 
0 934 99 2 
93 2±4 0 99 8" 
100 0 100 0 
72±03 74 
1^/2 of product nucleus 10 14 d 
100 0 
^Reference [19] 
'TMormalization has been done with respect to this value from lit-
erature 
was obtained, hence the cross section for the 
'''Nb{a,2n)'''"Tc was studied considenng the 0 582 and 
0 835 MeV y rays only The cross sections for this reaction 
are presented in Table II, and the isomeric cross-section ra-
tios {(T„,/cTg) are shown in Table III 
C. (a,3«) reaction 
Two isomers of ^^Tc are produced in this reaction The 
ground and metastable states have half-lives of 4 88 h and 
52 5 min, respectively The ground-state isomer has four ma-
jor y rays, viz , 0 702, 0 850, 0 871, and 0 916 MeV The 
0 850 MeV y ray is common with '*^Tc, produced in the 
(a,n) reaction, whereas the 0 871 MeV y ray is also ob-
tained from the ''''"Tc The 0 871 MeV y ray has also been 
used in the analysis of the ground-state-producing reaction 
by counting the activities after several half-lives of the meta-
stable state Thus, the cross sections of the (a,3/!)'''*Tc re-
action have been measured considering the 0 702 and 0 916 
MeV y rays The cross sections obtained for this reaction are 
tabulated in Table II 
D. (a,an) reaction 
This reaction produces two isomers of '"Nb with half-
lives of 3 2X lO' yr and 10 14 d, the latter being the meta-
stable state The same residual nuclei are also produced by 
the {a,2p3n) reaction The Q value for this reaction is 
—37 1 MeV Below the threshold for the {a,2p3n) reaction 
(i e , 38 7 MeV) the experimental cross sections are solely 
for the (a,an) reaction The ground-state activity is negli-
gible because of its long half-life The metastable state has 
an intense y ray of 0 934 MeV The cross section for 
(a,a«)''^'"Nb reaction has been measured using the 0 934 
MeV y ray and is shown m Table II 
IV. MODEL CALCULATIONS 
The excitation functions of the a-particle-induced reac-
tion on '•'Nb were evaluated theoretically using the computer 
code ALICE/91 [24] The code ALICE/91 [24] employs the 
Weisskopf-Ewing model [25] for the statistical component 
and hybrid model [5] as well as geometry-dependent hybrid 
model of Blann [6] for the pre-equilibnum emission The 
statistical part of ALlCF/91 [24] can account for a large variety 
of reaction types Besides evaporation of neutrons and pro-
tons (according to Weisskopf and Ewing [25]), clusters such 
as deuterons and a particles can be considered This is done 
with conservation of angular momentum The binding ener-
gies and Q values used m the present code are based on 
expenmental masses (Wapastra and Audi [26]) The ALICE/9I 
code stores experimental masses in the data file Whenever 
the nuclear masses are not available in the data file they are 
calculated from the Myers-Swiatecki mass formula [27] (liq-
uid drop mass with pairing) The pairing energy S is calcu-
lated from the backshifted model In these calculations the 
pairing energy is zero for even-even nuclides, — S for odd-
even nuchdes, and —2S for odd-odd nuclides, with S 
= 11/\M The inverse cross sections are calculated from the 
optical model subroutine, which uses the Becchetti and 
Greenless [28] optical parameters The intranuclear transition 
rates are calculated using the Pauli-corrected nucleon-
nucleon (N-N) scattering cross sections, and adjustment of 
the mean free path intranuclear transitions is done by keep-
ing the so-called mean free path multiplier {k) constant equal 
to 3 0 
Level densities of residual nuclei play an important role in 
deciding the shapes and absolute value of the excitation 
functions For calculations, the level density formula pro-
posed by Lang and Le Couteur [29] was used In general, for 
the level density parameter a value of a = ^/A^ was applied, 
where A denotes the nucleon number and K a constant the 
values of which spread over a wide region and have been 
given in the literature [30,31] In our calculations, a best fit 
was obtained by using a value of 8 0 
In preequilibnum reactions, the initial exciton configura-
tion IS a crucial quantity The influence of this initial exciton 
configuration on the result of PE calculations was investi-
gated by varying the initial exciton configuration rioi^n-p-h), 
which IS descnbed by the number of neutrons (n) and pro-
tons (p) in excited states and the number of holes (/i) after the 
first collision The total exciton rig equals the sum of n, p, 
and h For a-induced reactions, the initial exciton number 
no = 4 or 5 was suggested by Blann [3] However, it was 
found by many investigators [32-35] that nQ = 4 fits experi-
mental data better than «o = 5 We have performed the calcu-
lations with an initial exciton configuration no = 4 (2n + 2p 
+ 0h, 1 e , a pure particle state) 
A physical interpretation of an initial exciton configura-
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tion /io = 4(2rt + 2/j + 0/i)is that only four excitons initially 
share an excitation energy, which is equivalent to a breakup 
of the incoming a particle in the field of nucleus and nucle-
ons occupying the excited states above a completely filled 
Fermi sea 
V. RESULTS AND DISCUSSION 
The measured relative intensities of identified y rays are 
tabulated in Table IV It can be seen from Table IV that the 
currently measured relative intensities are in good agreement 
with their respective literature values [19] Our experimen-
tally measured values along with earlier measurements [12-
17] are shown in Figs 3 -6 The vertical bars represent the 
total estimated errors in the cross sections If no bar is de-
picted, the size of the circle includes the magnitude of the 
statistical errors The experimental excitation functions were 
also compared with those predicted by theory, on the basis of 
compound and precompound reaction mechanisms Com-
parison with theory is made only for those reactions in which 
the total cross section (i e , both isomers m and g) was mea-
sured in the present work The excitation fianctions are rep-
resented by the solid line for the cross section obtained by 
the consideration of both the compound and precompound 
contributions (GDH model calculation) and by the dashed 
line for the compound nucleus (Weisskopf-Ewing calcula-
tion) cross sections 
The excitation functions for the (a ,«) reaction are shown 
in Fig 3 The results of other workers [12-16] are also in-
cluded in the figure It is seen from the figure that the various 
expenmental results vary within a factor of 2 5 at about 24 4 
MeV It IS also seen that the excitation function cannot be 
reproduced by the compound nucleus theory in the high-
energy region It is reproduced well by taking into account 
the precompound contribution 
The excitation functions for the (a,2/;) reaction are 
shown in Figs 4(a) and 4(b) for the metastable and ground 
states, respectively In these figures results of other workers 
[13-16] are also included The results of Mukharjee, Rashid, 
and Chintalapudi [15] are exceptionally higher for the 
(a,2n)'^'"Tc reaction while lower in the (a,2«)'^^Tc reac-
tion (up to 24 4 MeV) from our results as well as other 
reported values The isomenc cross-section ratio {cr„l(Tg) 
for the (a,2n) reaction with the other reported resuUs 
[12,13,15,17] as a function of a-particle energy is shown in 
^\% 4(c) Owe. o? the excepUons \s the result of Branquinho 
etal [12] at 18 and 28 MeV, where the authors repeated the 
measurements and observed a vanation of the ratios within a 
factor of 2 5 at the same energy Again the results of Mukhar-
jee, Rashid, and Chintalapudi [15] are exceptionally high in 
the whole energy range The overall cross-section ratios in-
dicate that the population of the ground state (spin P ) is 
more probable than that of the isomenc state (spin j " ) in the 
present energy region The decrease in ratio with increasing 
energy is due to the fact that probabilities of populating the 
higher spin states increases with energy as higher angular 
momenta are imparted at higher energies The total cross 
section for the (a,2n) reaction as a function of a-particle 
energy is shown in Fig 4(d) Results of other workers 
10^  
E, 
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D 
• 
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' • 
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1 . 
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Present work 
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Ref M 
Ref 15 
Ref 16 
1 
25 30 
E„ (MeV) 
35 40 
FIG 5 Experimental 
"Nb(a,3n)"'«Tc reaction 
excitation function for the 
[12,13,15] are also included in this figure It can be seen 
from Fig 4(d) that the results of Branquinho et al [12] are 
high (up to 34 0 MeV) The results of Mukharjee, Rashid, 
and Chintalapudi [15] are lower than our results up to 24 4 
MeV It is also seen that the excitation fianctions can be rep-
resented by compound nucleus theory up to 27 MeV Above 
this energy, a better fit to the experimental data could be 
obtained by taking the pre-equilibnum contribution into 
consideration 
The cross sections for the {a,'in) reaction were measured 
only for the ground-state-producing reaction and are shown 
in Fig 5 Results of other workers [12-16] are also included 
in this figure It can be seen from this figure that our results 
agree with those of Singh, Agarwal, and Rao [13] and Ernst 
et al [14] The cross sections reported by Branquinho et al 
[12] are higher than our results, while results of Mukharjee, 
Rashid, and Chintalapudi [15] are lower Since we measured 
only the ground-state cross sections it is not appropriate to 
compare our results with theory 
Cross sections for the {a,an) reaction were measured 
only for the reaction leading to the metastable state of '^Nb 
It IS shown m Fig 6 together with other reported results 
[13,15,16] Our results agree with those of Singh, Agarwal, 
and Rao [13] in the whole energy region, while the results of 
Mukharjee, Rashid, and Chintalapudi [15] are higher than 
our results and also with the results of Singh, Agarwal, and 
Rao [13] Comparison of the results with theory is not ap-
propriate since we could not measure the ground-state cross 
sections However, we can have some idea of the nuclear 
reaction mechanism from the theoretical and experimental 
excitation functions The theoretical curves show a peak 
while the expenmental peak shows a plateau in the excitation 
functions The slow vanation in the cross sections suggests 
that this reaction takes place through the direct reaction 
mechanism, where the incoming a particle knocks out a neu-
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FIG 6 Expenmental and theoretical excitation functions for the 
"Nb(a,an)"Nb reaction 
tron from the '^Nb target nucleus, leaving the residual 
nucleus in an excited state 
VI. CONCLUSIONS 
Excitation functions for the {a,n), (a,2n), {a,3n), and 
(a,an) reactions on the target element niobium were mea-
sured in the present work using the maximum possible y rays 
for the single reaction As a check, the relative intensities of 
identified y rays were also measured 
In general, it is quite evident from Figs 3 and 4(d) that PE 
emission of multiparticles is necessary before the system is 
equilibrated and hence the experimentally observed high-
energy tail of the excitation functions be explained only 
when the contnbution of semicldssically treated PE emission 
(GDH model) followed by particle evaporation from the 
equilibrated system (Weisskopf-Ewing model) is taken into 
account The precompound reaction mechanism in its decay 
IS unable to explain the experimental data in the high-energy 
tail portion of the excitation functions It is clear from Figs 
3 and 4(d) that the calculated values shown by dashed lines 
FIG 7 Preequilibrium fraction [ /PE(%)] of the total reaction 
cross section as a function of a-particle energy 
(based on pure equilibrium model) do not reproduce the ex-
perimental data well, they are reproduced well only when the 
preequilibnum emission is also taken into account, as shown 
by solid lines The preequilibnum fraction (fpj^) [33] of the 
total reaction cross section has also been calculated at differ-
ent a-particle energies, which is shown in Fig 7 It was 
found that fpi increases with particle energy 
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Equilibrium and Pre-Equilibrium Studies 
in Some Alpha Induced Reactions on Rhodium 
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Excitation functions of the reactions (a, 2n), (a, 3n), and (o, in) for "^"Rli have been measured 
with stacked foil activation technique for the projectile energies below 50 MeV a-particles. A large 
volume HPGc detector was used. The experimental data were compared with the calculated 
values obtained from the CASCADE code based on statistical model and ALICE-91 code based on 
Hybrid and Geometry Dependent Hybrid Models. It is found that the pre-equilibrium contribution 
is more pronounced in the high energy region of the excitation functions and the experimental data 
arc explained only when the pro-equilibrium emission phenomenon is also taken into account along 
with the equilibrium decay. The percentage of pre-equilibrium Er!u:tion has also been calculated. 
KEYWORDS: nuclear reactions, ""Rh(a, xn) excitation functions E„ <50 MeV, pre-equilibrium emission, GDH Model 
§1. Introduction 
The reaction mechanism is considered to proceed 
through equilibrium (EQ) as well as pre-equilibrium 
(PE) emission of psirticles at moderate excitation 
energies.'^ In recent years, there has been an increasing 
interest in looking into the nuclear interaction mechan-
ism, via pre-equiUbrium emission of particles followed by 
equilibrium decay in order to explain a wide range of 
charge particle spectra and excitation functions. The 
high-energy tail observed in excitation functions of Ught 
particles contains important information about the 
reaction mechanisms. Several semi-classical models,^ "®^ 
have been proposed that take care of the above 
considerations. Among these models, the hybrid and 
geometry dependent hybrid (GDH) models,"'*'*'' have 
been reasonably successful in reproducing a broad range 
of experimental data. Recently, some complex quantum-
mechanical formalism such as multi-step direct and 
multi-step compoimd models have been proposed.'^ "'"^ 
These quantum-mechanical models provides in principle, 
a way of calculating the cross-sections of PE processes 
with out the uncertainties of the semi-classical approx-
imations. At present, these models axe applicable only 
for the nuclcon induced rcactions,^^^ because, for a 
complex particle like the a-particle the quantum-
mechanical treatment of the initial projectile-target 
interaction becomes very complex. 
For a better understanding of the PE emission 
mechanism more and more experimental data are 
necessary. A lot of work has been done on the study of 
excitation functions of Q-induced reactions for various 
target nuclci,^*"^^ over a wide range of energy and over a 
wide range of periodical tabic. However, the situation 
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regarding it is still vmsatisfactory, as there arc large 
discrepancies in the reported values, even for a single 
specific reaction.^^' Moreover the data are incomplete 
and contain considerable errors. Although the excitation 
function for rhodium was measured eaxUer by few 
groups,^'^^^ their results differ to a large extent, hence 
precise and accurate measurements are still needed. 
With this motivation the present work was undertaken 
to measure the excitation function for '^'^ Rh up to 
50 MeV a-p£irticlc energy. A theoretical analysis of the 
data has been carried out under the prescription of the 
statistical model using the computer code CASCADE^' 
which describes only equilibrium decay and also the 
calculations based on hybrid and geometry dependent 
hybrid models'''"^ using the computer code ALICE-91^' 
which contains both compound and PE processes. 
§2. Techniques and Measiu'ements 
In the present measurement the stacked foil activation 
technique was employed. A sample of the element under 
study was made from spectroscopically pure rhodium of 
thickness 1.24 mg/cm^, with pm-ity better than 99.99%. 
All the targets and aluminum degrader foils were chosen 
in such a way that the a-beam of a desired energy would 
be available on a particular foil. The stack comprising 
the target and degrader foils was irradiated with a 
50 MeV diffused a-beam of diameter 8 mm, at the 
Variable Energy Cyclotron Center, Calcutta (INDIA). 
Beam current of the order of 200 nA was used so that few 
hours of well-controlled irradiation was sufficient to 
excite the required activities. The alpha particle flux was 
calculated using a Faraday cup and charge integrator. 
Copper foil of thickness 10,68 mg/cm^ was also used as a 
flux monitor for checking the flux and good agreement 
was found with < 10% discrepancy. The energy of the 
alpha particle after traversing half of the thickness of 
each target foil was computed from the stopping power 
table of Northcliffe and Schilling.*'^ The inherent energy 
spreads of 0.5 MeV at 50 MeV a-particle energy has also 
been taken into account. Experimental Set-up with 
2903 
2904 Avinash AGARWAL el al. (Vol. 70, 
details is given elsewhere.^^' 
After irradiation the induced 7-activities in each foil 
were recorded with a high resolution (2 keV for 
1332 keV 7-ray of ""Co) HPGe detector of 100 cm=' 
active volume coupled to the ORTEC's PC based 
multichannel analyser. Energy and efliciency calibration 
were done using a standard ^^^Eu 7-point source of 
knoAvn strength by keeping it at the target position. The 
geometry dependent efficiency (e • G) of the detector for 
different source-detector distances was computed using 
the relation 
e • G = Ge^VSo • 6 (1) 
where C is the number of counts per second under the 
photo peak, 0 is the absolute intensity of the relevant 
gamma ray, A and So are the decay constant and 
strength of the source at the time of its manufacture 
respectively, t is the time lapse between the date of 
manufacture of the source and the time of experiment. 
The values oi6 and A were taken from ref. 32. The values 
of e • G thus obtained were plotted as a function of 
energy using the program ORIGIN 5.0. A polynomial of 
degree 4 having the following form was found to give the 
best fit for these curves: 
€-G = ao + a:X + a2X^+a3X^ + a4X* (2) 
where OQ, fli, 02, a^, 04 are the coefficients having 
different values for different source detector distances. X 
being the energy of the characteristic -y-ray. A typical 
geometry dependent efficiency curve of the 100 cm^ 
HPGe detector obtained at a distance of 15.5 cm from 
the detector surface is shown in Fig. 1. The dead time 
was kept less than 5% by adjusting the sample detector 
separation in these meeisurements and a proper account 
of the dead time was included in the calculations. Several 
spectra were taken at suitable time intervals to enable 
the identification of half-hves of residual nucleus. A 
typical gamma my spectrum obtained from the activa-
tion of the rhodium target foil at 46.6 MeV is shown in 
Fig. 2. 
The possible reaction channels for ^"•'Rh in the energy 
range considered in the present measurements are listed 
in Table I. In the table other details viz. Q-values, 
600 7e0 
E(toV) 
Fig. 1. Geometry-dependent efficiency of HPGe detector at a source 
detector dwtance of 15.5 cm. 
Fig. 2. Typical gamma ray spectrum obtained from the activation of 
""Rh target by 46.6 MeV o-particles. 
residual nucleus half-life, ganuna ray energies and 
corresponding absolute intensities pertinent to the 
reaction channels are also given. The Q-values of the 
different reactions were taken from ref. 33, and decay 
data from ref. 32. The following expression was used for 
computing the experimentally measured reaction cross-
sections. 
cr{E) = 
31) 
AAcxp{At2) 
No<l>{e • G)eK{l - exp(-Ati)}{l - expC-Atg)} 
(3) 
where if = [1 - exp(-^d)]/(^d) is the correction for the 
self-absorption of gamma rays in the sample of thickness 
d (g/cm^) and of absorption coefficient (i {cw?/g). A is 
the counts under the photo peak of the characteristic 
gamma ray, A is the decay constant of the residual 
radioisotope, NQ is the number of nuclei in the sample, 0 
is the absolute intensity of the characteristic 7-ray, e • G 
is the geometry dependent efficiency of the HPGo 
detector, 4) is the average flux of the incident a-beam, 
ti irradiation time, tj is the time lapse between stopping 
the beam and start of counting, and t^ is the coxmting 
time. 
The gamma ray spectroscopy software package RAD-
WARE,^ "*' was used extensively for analyzing the 
spectrum. The cross-section of a particular reaction 
was calculated from the identified gamma rays arising 
from the same product nucleus. For this purpose only 
those gamma rays were considered that had good 
statistics. The reported value is the weighted average,•*'' 
of the various cross-section values so obtained. In general 
these errors are less than 20%. Straggling effects are 
expected to be negligibly small.^*'' 
§3. Theoretical Model Calculations 
3.1 CASCADE calculations 
The statistical code CASCADE**' is based on Hauser 
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Table I Spectroscopic data used for the evaluation of cross-sections.'^' 
Reaction Half-hfc Gamma ray 
Enorgy(kcV) 
280 4 
344 5 
443 4 
319 0 
555 8 
740 5 
758 7 
767 6 
785 7 
837 9 
863 0 
9080 
925 9 
9412 
1265 2 
13418 
555 8 
1238 0 
118 7 
148 2 
243 9 
266 9 
5319 
134.0 
Abundance 
(%) 
311 
42 7 
12 0 
02 
92 0 
7 1 
64 
658 
9 5 
10 3 
6 8 
44 
12 4 
24 8 
42 
7 3 
610 
26 
22 0 
19 9 
60 
94 
62 
210 
<3-VaIuo 
(McV) 
-1465 
-24 49 
-33 09 
"»mi(a, 2n)Ag"«« 
"»Rh(a, 3n)AR"«« 
"»Rh(a, 3n)A6"""' 
"»Rh(<i, 4n)A«"»« 
"»Rli(a, 4n)Ag^'»°' 
4129d 
7 29 nun 
l l S h 
33 5 nun 
12 9 nun 
5.9 s 
Fcshbach theory.'^''' It docs not take into account the 
possibility of fission and PE emission. Normally the 
CASCADE code takes into account the statistically 
equilibrated emission of neutrons, protons, alphas, and 
gamma rays only for the decays of compound nucleus. 
However there is an option in the code to take into 
account the fourth particle emissions also besides above 
mentioned neutrons, protons, alphas and gamma ray 
emissions. Wc have calculated the cvapxjration residues 
(ER) integrated cross-sectioas for the nuclear reaction 
""Rh + a. The parameters used in the code CAS-
CADE,^ ®^ were generally accepted ones. For the calcula-
tion of transmission coefficients of various particles (such 
as neutron, proton and alpha) the defaxilt global set of 
optical model (OM) parameters of TLCALC subroutine 
of CASCADE code were used. For the neutron, OM 
pcramctcr set of Rapaport et o i ,^ ' and Wilmoro and 
Hodgson,"*'^  were used, while for proton, the OM 
parameter set of Becchetti and Greenless"*"^  were used. 
In the case of alpha particle, the OM parameter sets of 
Satchler,*'' McFadden and Satchler*^' and Huizeriga and 
Igo* '^ were used. The transmission coefficients for the 7 
rays with transition energies e^ are expressed by the 7-
ray strength functions /XL (e~) for the multipole 
radiations of type XL For the El, Ml, and E2 
radiations, the default values in Weisskopf units equal 
to 0 0001, 0 03 and 5.0 respectively were used.^^ For 
energies, spin and parities of the discrete levels of the 
residual nuclei, the lowest 15-20 levels in ref. 32, were 
used The level density formalism of back-shifted fermi 
gai> model exprebsed by Lang,''''"' wsii used for the 
continuum excitation energy region. The level density 
parameter a = A/8.0 was used for all nuclei, where A is 
the mass number of the nucleus. In particular the 
parameter F0, which is the ratio of the actual moment of 
inertia to the rigid-body moment of inertia of the excited 
system has been taken as the default set of parameter 
(i^«=0.85). 
S.2 ALICE-91 calculations 
The Code ALICE-91 employs the Weisskopf-Ewing 
raodel,*®^ for the statistical component and Hybrid,®' as 
well as geometry dependent hybrid model of Blann,®' for 
PE emissions. In the equilibriiun calculations the 
evaporation of protons, neutrons, deuterons and alpha 
particles has been allowed for. The Q-value for the 
formation of compound nucleus and the neutron, proton, 
dcutcron, binding energies for all nuclides of the interest 
in the evaporation chain, have been calculated using the 
Myers-Swiatecki/Lysekil mass formula.** '^ The pairing 
energy 6 is calculated from the back shifted model. In 
these calculations pairing energy is zero for the even-
even nuclides, —S for odd-even and -26, for odd-odd 
nuclides respectively with 6 = 11/y'A. The inverse cross 
sections are calculated from the optical model subrou-
tine, which uses the Bcchetti and Greenlcss,''"' optical 
parameters The intra-nuclear transition is done keeping 
the so-called mean free path multiplier (fc) constant and 
equal to 3.0. The level density parameter influences the 
shape as well as the height of the calculated excitation 
functions In general for the level density parameter a 
value of a = A/K h> applied, where A denotes the 
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nucleon number and K^ a constant for which values 
spread over a wide region have been given in litera-
ture.'*®" '^ In our calculations a best fit has been obtained 
by using a value of 8.0. 
In pre-equilibrium reactions the initial exciton config-
uration is a crucial quantity. The influence of this 
exciton configuration on the result of the pro-equilibrium 
calculations has been investigated by varying the initial 
exciton configuration no (n-p-h), which is described by 
the number of neutron (n.) and protons (p) in excited 
states and the number of holes {h) after the first 
coULsion. The total exciton nmnber no equals the siun 
of n, p, and h. For alpha induced reactions, the initial 
exciton number no = 4 or 5 was suggested by Blann. ' 
However, it was foimd by many investigators, '^*'''''"''^ '" ' 
that 710 = 4 fits the experimental data better than 
no = 5. We have performed the calculations with the 
initial exciton configuration no = 4 (2 neutrons plus 2 
protons, and no holes i.e., pure particle state), which 
appears to give the best fit to our exjjerimental data for 
Qf-induced reactions. A physical interpretation of an 
initial exciton configuration no = 4 (2n -I- 2p -I- Oh) is 
that, only four cxcitons initially shares an excitation 
energy which is equivalent to breakup of incoming Q-
particle in the field of nucleus and the nucleons 
occupying excited states above a completely filled 
Fermi-Sea. 
§4. Results and Discussion 
The measured excitation fimctions for the reactions 
(a, 2n), (a, 3n), and (a, 4n) arc displayed in Figs. 3-5. 
with solid circles. The horizontal bars in our results show 
the total energy spread associated with the energy of 
each incident a-particle, while the vertical bars represent 
the total estimated errors in the cross-sections. If no bar 
is depicted, the size of the circle includes the magnitude 
of the statistical errors. The present measurements have 
also been compared with the respective literature data in 
these figures. 
The theoretical excitation functions calculated with 
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Fig. 3. Experimental and theoretical excitation functions ioi the 
rpartion ""Rh(o, 2n)'"''' Ag 
and with out equilibriiun emission via ALICE-91 code 
are represented by solid lines and dotted lines respec-
tively, while dot and dashed lines show the excitation 
functions calculated using CASCADE code. As shown in 
Fig. 3, for (a, 2ra) reaction, our results are in good 
agreement with the results of Newton et oL^^^ while the 
results of Ansari et al.^^' show considerable deviation in 
the energy range 35-40 MeV. It Ls very clear from Fig. 4, 
that the results of Newton et a/.,^' and Ansari et cd.,^^^ 
for (Q, 3n) reaction are much higher than our results in 
the high-energy region (37-50 MeV). In Fig. 5, a result 
of Newton et al.,^''^ at 43.9 McV is much lower while at 
49.8 MeV it is much higher than oiu: results as well as 
theoretically calculated one for (a, 4n) reaction. 
The present analysis indicates clearly the presence of 
significant amount of the PE contribution in a-ind»ced 
reactions. The pre-equilibrium fraction (/pg) is a 
measure of the relative weight of the PE contribution 
needed for the reproduction of the experimental excita-
2001) Eqiuhbrnim and Pre-Eqiulibnum Studies in Some Alpha Induced RcactionB on Rbodiiun 2907 
3D 35 40 
E.(MeV) 
Fig 6 Pro-cquilibriuni fraction (/rr) of the total reaction croi!>-
bection as a function of o>-partic!e energy 
tion functions and it reflects the relative importance of 
pre-equilibrium and equilibrium processes. It is more 
meaningful to look for the total pre-equilibrium fraction 
of all type of emitted particles.^^' In a given target 
niicleus the total pre-equihbrium fraction, for all type of 
reactions, hke (a, xp yn a) reactions, are calculated 
using the ALICE-91^'*' code. Because of considerable 
contributions to prc-cquilibrium fraction from the PE 
emission of charged particles, the calculated total pre-
eqiulibrium fractions are not directly comparable with 
the measured excitation functions for (a, xn) type 
reactions. However, no definite trends for the variation 
of PE fraction with excitation energy, or compound 
system mass number and changes in initial exciton 
number are reported,^^ yet it is reasonable to assume 
that /pE depends on the excitation energy of the 
compound system ^^  In the present calculations, /PE IS 
inherently energy dependent. This dependence is derived 
from consideration of the internal transition rates and of 
continuum decay rates. The /PE has been taken to be 
proportional to the cumulative sum of the probability of 
finding the particle in the continuum for every possible 
configuration during the process of equilibration. The 
calculated prc-cquilibrium fraction for '•'^Rh is shown in 
Fig. 6 as a function of bombarding energy (Ea) in the 
energy range 18-55 MeV. It is seen that /PE increases 
with particle energy. 
§5. Conclusions 
Looking over the excitation functions for (a, 2n) and 
(o, 3n) reactions, we find there is quahtative agreement 
between our experimental results and the theoretical one 
(Solid lines). It is quite evident from Figs. 3 and 4 that 
PE emission of multi-particles is necessary before the 
system is equihbrated and hence the experimentally 
observed high energy tail of the excitation fimctions be 
explained only when the combination of sem]-cla.s.s]cal]y 
treated PE emission (GDH model) followed by particle 
evaporation from the equilibrated system (Weisskopf-
Ewing model) is taken into account. Pure compound 
reaction mechanism in its decay is unable to explain the 
experimental data in high-energy tail portion of the 
excitation function. It is clear from Figs. 3 and 4, that 
the calculated values shown by dotted and dot and 
dashes lines (based on the pure equilibrium model) do 
not reproduce well the experimental data. As shown in 
Fig. 5, for (a, 4n) reaction, there is no signature of any 
pre-equilibrium component possibly due to higher 
threshold energy of this reaction. The pre-equilibriiim 
(if any) for this channel would be evident at higher 
incident energies, which is beyond the scope of the 
present study. The prc-cquilibrium fraction /PE of the 
total reaction cross-section has edso been calculated at 
different a-particle energies. It is found that /PE 
increases with particle energy. 
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